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PREFACE 


Soil moisture Information Is not an exclusive requirement of agriculture, 
hydrology, or weather and climate. Rather, It Is an Important parameter for 
applications In each of these three discipline areas. Research In remote 
sensing has shown that soil moisture measurement using multlspectral data Is 
definitely possible, but much fundamental research Is yet to be done. 
Because It Is felt that this fundamental soil moisture research Is common to 
each discipline area, an Integrated approach to soil moisture and remote 
sensing Investigations Is advocated. Based on recommendations generated at 
the Soil Moisture Workshop held at the United States Department of Agri- 
culture (USDA), Beltsvllle, Maryland In January 1978, a Soil Moisture 
Working Group was established to coordinate and develop an Integrated plan 
of research. The Plan of Research for Integrated Soil Moisture Studies 
(PRISMS), which will guide the National Aeronautics and Space Administration 
(NASA) effort through Fiscal Year 1986, is not a static document, Research 
results will be periodically reviewed by the Working Group and revisions to 
PRISMS will be made as new concepts and techniques are developed. If PRISMS 
Is successful, user demonstration projects and the orbiting of optimized 
soil moisture sensors can be accomplished by the mid-1980s. Subsequently, 
comprehensive soil moisture data for operational purposes could be available 
by the late 1980s. If these goals are realized, the authors of this plan 
will feel that they have played a small but Important role. 

Inquiries concerning this project may be directed to Dr. Albert Rarigo, 
301-344-5480 or Or. Thomas J. Schmugge, 301-344-6059, NASA/Goddard Space 
Flight Center (GSFC), Code 924, Greenbelt, Md. 20771. 
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PLAN OF RESEARCH FOR 
INTEGRATED SOIL MOISTURE 
STUDIES 


EXECUTIVE SUMMARY 


Soil moisture Information Is a potentially powerful 
tool for applications in agriculture, water re- 
sources, and climate. At present, It Is difficult 
for users of this Information to clearly define 
their needs In terms of accuracy, resolution and 
frequency because of the current sparsity of data. 
But It Is the consensus of users that once an 
operational program for acquiring soil moisture 
Information Is developed, numbers of users and 
applications will Increase. In addition, as more 
soil moisture Information Is acquired and evalu- 
ated, they will be better able to specify their 
observational requirements. As a result, this 
research plan will most likely need successive 
Iterations as more Information becomes available. 

This plan describes NASA's research program; how- 
ever, several other agencies, Including USDA and 
NOAA are Interested In developing the capability to 
obtain soil moisture Information with remote sens- 
ing techniques. The high cost of remote sensing 
research makes It Imperative that NASA, USDA - , NOAA 
and others work together toward this common goal. 
With a cooperative effort, this ancillary Infor- 
mation can be developed to assist agricultural, 
hydrologic and climate resource Interests. The re- 
search specified in this plan will be led by NASA 
research centers and will be conducted both 
in-house and through extensive cooperation with 
university researchers and government scientists. 
Figure 1 shows the Integrated effort for soil 
moisture planning and Implementation. Input Is 
received from the various user communities In order 
to specify the research plan, PRISMS. Research and 
testing covered by the plan Is Implemented through 
the following programs: the Joint Program for 
Agriculture and Resources Inventory Surveys through 
Aerospace Remote Sensing (AgRISTARS); Water Re- 
sources Applied Research and Data Analysis (ARDA); 
and Climate ARDA. Techniques developed In the pro- 
gram are tested and fed back to the users for eval- 
uation and further modification. 


The objective of this plan is to define and conduct 
an integrated and coordinated research effort to 
develop and refine remote sensing techniques which 
will determine spatial and temporal variations of 
soil moisture and to utilize soil moisture infor- 
mation In support of agricultural, water resources, 
and climate applications. The soil moisture re- 
quirements of these three different application 
areas have been reviewed in relation to each other 
so that one plan covering the three areas could be 
formulated. Four subgroups were established to 
write and compile the plan, namely models, ground- 
based studies, aircraft experiments, and spacecraft 
missions. 

MODELS 

Models have several important roles in the study of 
soil moisture using remote sensing. There are two 


categories of models that are involved: User Group 
Application Models, and Research Models, User 
Group Application Models are the decision-making 
tools of various agencies. These models can help 
define the type of soil moisture Information that 
remote sensing should provide. Research models are 
used to understand the phenomena of soil -water- 
plant-atmosphere Interactions, electromagnetic 
wave-soil moisture Interactions and to extend 
limited data sets. Other models serve several 
purposes Including relating soil moisture to the 
remotely sensed data. 

If remote sensing Is to be of any value In the mea- 
surement of soil moisture, several model-related 
problems need to be resolved. The procedures and 
models employed by user groups must be understood. 
These models Will define the types of measurements 
that must be provided. The research program should 
first try to satisfy the current needs of the user 
group models. Following this, there should be in- 
vestigations conducted to determine how these mod- 
els might be adapted to better utilize remotely 
sensed measurements. More Importantly, we should 
devote significant effort to the development of new 
models particularly suited to using the soil mois- 
ture remote- sensing capabilities. One aspect of 
the new model development should be a means for 
extrapolating the near-surface layer soil moisture 
available from remote sensing to greater depths in 
the soil profile, e.g., through the root zone. 

The general philosophy of the working group was 
that the model studies were extremely Important and 
the results should be used to guide and plan the 
ground-based, aircraft, and future spacecraft mis- 
sions. Close cooperation must be maintained so 
that pertinent results from the modeling studies 
can be input to the planning of field experiments 
on a timely basis, and so that experimentally ob- 
tained data, on the other hand, can be used in 
model verification. 

GROUND-BASED STUDIES 

In addition to supplying data necessary for the 
development of soil moisture models, the ground- 
based experiments serve two other Important func- 
tions. First, the truck-mounted systems can be 
used to determine the effects of varying soil, veg- 
etation, and moisture parameters on the remote 
sensing of soil moisture in controlled field exper- 
iments. To accomplish this, a procedure for the 
soil moisture experiments and a set of specific 
studies have been formulated. Second, by using a 
variety of sensors, the results from such studies 
can be used to specify the optimum sensor combina- 
tion to use for aircraft or space missions. It was 
recognized that in order to do this, all existing 
truck systems should be outfitted with both a 
multifrequency passive and active microwave capa- 
bility as well as thermal infrared and visible sen- 
sors. 

AIRCRAFT EXPERIMENTS 

It was felt that the major functions of the air- 
craft program would be first to extend the soil 
moisture data base beyond what Is possible with a 
ground-based system. While ground-based systems 
offer the best experimental control, they are ex- 
tremely limited In measuring the spatial variabil- 
ity of soil moisture and a range of varying en- 
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vlronmental conditions. Aircraft can be used to 
add this dimension to the ground-based data sets* 
Secondly, the aircraft program, because of these 
capabilities, can be used to provide additional and 
more widespread testing and verification of the 
application models. Finally, the aircraft platform 
Is the logical test bed for the simulation of 
spaceborne system capabilities* Optimum sensor 
configurations as determined from modeling and 
ground-based studies can be verified and modified 
when using aircraft. The airborne approach Is 
thought to be Ideal for simulating the temporal and 
spatial coverage that will eventually be available 
from space, and Is called for In several of the 
soil moisture experiments proposed. 


SPACECRAFT MISSIONS 

Although, In this plan, no rs, f jrces are devoted to 
the development of hardware I.;-', or the launching 
of spaceborne soil moisture missions, It Is pro- 
posed that there be a major effort In the develop- 
ment of the mission concepts. A two-phased 
approach to a soil moisture space data source Is 
proposed as follows: 

Phase I - The first step would be a satellite In an 
HdMM-type orbit launched In the mid to late 1980's. 
It would carry a sensor similar to the Advanced 
Very High Resolution Radiometer (AVHRR) to provide 
thermal Infrared and visible data. Additional sen- 
sors would be an L-band radiometer plus the possi- 
bility of a C-band radar or additional passive 
bands as part Of a multichannel r ad 1 Witer. 

Phase II - It Is expected that research results 
from the first mission will permit the development 
of definitive mission requirements for Phase II, as 
Well as an optimized definition of sensors and 
their parameters, l.e., spectral bands, spatial and 
temporal resolutions for both active and passive 
sensors, depression angles and polarizations. 

SPECIFIC EXPERIMENTS AND RESEARCH TASKS 

It was felt by the working group that certain 
specific experiments and research tasks should be 
performed In conjunction with the procedures dis- 
cussed In the modeling, ground-based studies, air- 
craft experiments, and spacecraft missions sections. 
The experiments Include emphasis on extension of 
techniques for remotely estimating soil moisture 
developed In arid and semi-arid regions to humid 
regions. Results from analysis of the remotely 
sensed soil moisture data In the humid areas will 
be compared to previous results from semi-arid 
areas. Effort should also be expended on an exper- 
iment to acquire areal soil moisture data wl ,h re- 
mote sensing and compare It to conventional point 
soil moisture measurements, rainfall distribution 
patterns, and gamma ray soil moisture data. The 
objective would be to emphasize the capability of 
remote sensing to adequately characterize the 
spatial soil moisture status. In order to demon- 
strate the temporal remote sensing capabilities, an 
experiment Is proposed to collect and analyze a 
complete set of multlspectral data for an entire 
growing season for various crops. Such an experi- 
ment should be performed In an are' with detailed 
temporal ground truth and dedlcateo aircraft sup- 
port. Two experiments to directly supplement the 
major areas of the plan are proposed. First, a 


detailed g ,nd-based study of factors affecting 
soil moisture determination In different geographic 
regions using multlspectral sensors Is called for. 
Parameters considered Include soil roughness, soil 
texture, moisture profile, vegetation cover, and 
snow cover. Secondly, a user applications model 
experiment should be vigorously pursued* this 
would involve work with other agency scientists to 
test sail moisture remote sensing methods for their 
particular applications. The results of such an 
experiment will lead to a better understanding of 
the remote sensing Input specifications as well as 
provide a starting point for the development of new 
models, 

The working group has Identified the research tasks 
necessary for supporting this plan. These are 
listed under the five major emphasis areas of mod- 
eling, ground-based studies, aircraft experiments, 
spacecraft missions and user test programs* A few 
additional efforts are listed under other tasks, 
These tasks have all been scheduled In the time 
frame of the next six years (detailed schedule 
given under Program Schedule and Experiments). The 
first two years of the program will be devoted to 
fundamental research to better understand the phys- 
ical processes Involved. The next two years will 
emphasize experiments and validation of the models. 
Results will be used to update the models in prepa- 
ration for use In the final phase of user testing 
which will cover the last two years. Usur experi- 
ments will be started during this phase for even- 
tual testing of the soil moisture technology In an 
operational mode. Final revision of models for 
applicability to user problems will be included in 
this phase. 

GOALS 

The specific goals of this program are: 

• Determination of remote sensing capabilities 

- expected accuracy of the measurement In the 
presence of realistic surface conditions 

- a specification of the actual soil moisture 
sampling depth. 

• Definition of possible sensor combinations for 
performing this measurement from either air- 
craft or spacecraft platforms. 

• Development of models for using this remotely 
sensed Information to obtain moisture profile , 
and evapotransplratlon estimates. 

• Determination of the spatial and temporal 
scale of the measurements to satisfy the ap- 
plications requirements and to be consistent 
with the naturally occurring variability. 

SUMMARY 

This document provides the guidelines to be fol- 
lowed In conducting NASA soil moisture research. 
Certain experiments and research tasks are neces- 
sary In modeling, ground-based studies, aircraft 
experiments, and spacecraft missions. The plan 
Will be periodically reviewed by the working group 
and updated as necessary to reflect significant 
research results. The research will be best accom- 
plished through cooperation between NASA research- 
ers and other government agency scientists and 
university Investigators. 
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INTRODUCTION 


The responsibilities of providing adequate food and 
fiber for future generations, while conserving our 
soil, water, and air resources, Is of great concern 
to our national leaders aftl scientists. If we are 
to meet these responsibilities, the precision of 
our prediction capability has to be improved. 

There Is a delicate balance between the supply of 
and the demand for essential food and fiber. This 
balance Is so delicate that the normal variability 
of climate can upset it, especially In extreme 
years. We will continue to have periods of excess 
rainfall which will be randomly Interrupted by 
periods of rainfall deficiency. 

A combination of low farm prices and drought can be 
disastrous. The "Oust Bowl" days of the Thirties 
are an important part of American history. The 
current unrest among farmers stems from low farm 
commodity prices and uncertainties associated with 
drought conditions similar to those of the Thirties. 

Variability In precipitation accounts for the re- 
cent large irrigation development In this country. 
Irrigation gives the farmer and the banker secur- 
ity. Although only about 10 percent of the culti- 
vated land in the U.S. Is Irrigated, about 
one-fourth of our gross agricultural income is from 
these lands. Every drought results In the drilling 
of additional Irrlgatlon’wells and the depletion of 
reservoir water. Large-scale well development is 
responsible for the groundwater mining that has 
occurred in this country. The fact that agricul- 
tural demands account fo.> B5 percent of the over- 
draft Is causing the urban population and 
politicians concern. Every Indication suggests 
that the competition for water between the rural 
and urban communities will become more Intense. 

Because of an adequate supply of surface and ground 
water In the recent past, agriculture has not made 
the most efficient use of the water resource. 
Specialists in the field estimate that Irrigated 
crops benefit from only about half of the water 
applied. The competition for water and the over- 
draft on our groundwater resources make Imperative 
the more efficient use of water by agriculture In 
the future. 

Excess water can also upset the balance in our food 
and fiber production. Many of our serious plant 
diseases are prevalent during wet periods. Excess 
rainfall during the ripening stage and harvesting 
of our feed grains can reduce crop yields and 
quality appreciably. The wet period late in the 
1977 season in Canada and the Northern Plains 
caused reduced wheat yields and poor quality. An 
appreciable portion of the 1977 corn crop In the 
Southeast could not be marketed because of aflo- 
toxlns. (Aflotoxlns develop when the crop is sub- 
jected to prolonged wet periods after the grain has 
matured.) 

Yield on lands with poor surface drainage can be 
seriously reduced by crop inundations. In addi- 
tion, yields are frequently reduced because of 
delayed planting on poorly drained lands. High 
rainfall at planting time also causes most of the 
erosion that occurs on these lands. 


There is a real need for a better understanding of 
how too much or too little moisture affects crops 
at their different phonologic states. The accuracy 
with which we can predict how too much or too lit- 
tle water will affect crop yields depends largely 
on how well we understand the interaction of soil 
water and plants. Better techniques are urgently 
needed for relating the impact of water stress or 
excess water on crop yields. When these relation- 
ships are understood, they can be reduced to a 
mathematical model. The effectiveness of these 
models must then be confirmed by field data and the 
use of tools like remote sensing. 

Soil moisture is the critical variable in all crop 
prediction models. It Is basic to yield estima- 
tion, runoff prediction, erosion forecasting and 
Irrigation scheduling. Farmers schedule field 
operations based on soil moisture conditions. 
Agribusiness uses regional soil moisture data as a 
tool In developing their plans for the movement of 
fertilizer and pesticides. 

Although measuring soil moisture by remote sensing 
seems to be feasible, there are specific problems 
to be considered. Albedo measurements can be used 
to delineate the three classical stages of soil 
drying* but use of this technique Is limited to the 
surface of bare soil. The monitoring of soil sur- 
face temperature has also shown good correlation to 
near-surface soil moisture, but the presence of 
vegetation significantly reduces application of 
this technique. However, the assessment of crop 
stress by a combination of canopy temperature and 
albedo measurements appears to have great potential 
for predicting crop yields by remote sensing In 
this situation. This technique utilizes the Innate 
ability of the plant as a soil moisture measuring 
devlco. Possibly the greatest potential for remote 
sensing lies In the use of multlspectral systems 
using frequencies ranging from the visible light 
through the microwave region. These possibilities, 
along with the use of temporal data, have not been 
sufficiently studied due to the lack of adequate 
truck-mounted and aircraft systems. 

Microwave technology appears to be useful for mea- 
suring near-surface soil moisture. Besides the 
all-weather capability of the microwave systems, 
the strong dependence of the dielectric properties 
of soils on their moisture content at microwave 
wavelengths affects the soil reflectivity and 
emlsslvlty. These quantities can be remotely 
sensed with active microwave (radar) and passive 
microwave (radlometry) techniques. Microwave ap- 
proaches also have the capability of serving the 
soil through a moderate amount of vegetative cover, 
which extends their utility. Numerous experiments 
have shown the responses of these sensors to be 
strongly correlated with the moisture In a layer 
about 5 cm thick. There are several additional 
factors which contribute noise or uncertainty to 
the extraction of soil moisture Information from 
the microwave responses. In addition to vegetative 
cover, these Include surface roughness and shape, 
soil variability and soil temperature. The quanti- 
fication of these effects Is an early objective of 
this research effort. 

This plan describes NASA's research program for 
developing this potentially powerful agricultural, 
water, and climate management tool. Several other 
agencies, Including the USDA and NOAA are Inter- 
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fisted In developing the capability to obtain soil 
moisture Information with remote sensing tech- 
niques. The high cost of remote sensing research 
makes it imperative that NASA* NQAA, USDA and 
others work together toward a cviflon goal, With a 
cooperative effort, this urgently needed tool can 
be developed to assist agricultural, hydrologic and 
climate resource Interests. The research specified 
In this plan will be led by NASA research centers 
and will be conducted both In-house and through 
extensive cooperation with other government agency 
scientists and university researchers, 


OBJECTIVE 

The objective of this plan Is to define and conduct 
an Integrated and coordinated research effort to 
develop and refine remote sensing techniques which 
will determine spatial and temporal variations of 
soil moisture and to utilize soil moisture Infor- 
mation In support of agricultural, water resources, 
and climate applications. 

SOIL MOISTURE INFORMATION REQUIREMENTS 

Soil moisture Information Is of significant value 
in a number of applications. Much of the user com- 
munity, however, can be Identified as potential 
rather than present users of soil moisture Infor- 
mation because of the current absence of data. It 
Is difficult for users to clearly define thalr 
needs In terms of accuracy, resolution, and 

frequency. But It is the consensus of users that 
once an operational program for acquiring soil 
moisture Information Is developed, numbers of users 
and applications will Increase. In addition, as 
more remotely-sensed soil moisture Information Is 
acquired during research and evaluated by users, we 
will be able to better specify the remote sensing 
user requirements. As a result, this plan will 
most likely need successive Iterations as more In- 
formation becomes available. 

Three important criteria In providing soil moisture 
Information are timeliness, accuracy, and adequacy 
of coverage, Many users, when asked about their 
requirements of these criteria, win reply that 
they need the Information as accurately and rapidly 
as possible with updates every few days. When the 
user is questioned about the specific utilization 
of the data, some important aspects become apparent 
that should be considered when developing data 
acquisition systems. 

Most users like to be alerted to deviations from 
the expected or the normal as soon as possible. 
Initial announcements need not be extremely accu- 
rate, but warning of a problem Is Important. This 
Is especially true for crop conditions, low water 
supplies, changing temperatures and other potential 
problems that affect many users. Therefore, time- 
liness of Information Is more Important Initially 
than accuracy. 

After the warning of a problem, refinement of a 
specific answer should begin. Most users are quite 
tolerant of a week's time in obtaining that refine- 
ment. Decision makers are already looking at a 
number of options and will make the decision on 
which option to follow when specific data have 
arrived or when a point has been reached where a 
decision must be made. 


Measurements or estimates of surface soil moisture 
alone are thought to be of limited value to agri- 
culture. Data are needed for depths of at least 
one meter and preferably two meters. This Is the 
zone of maximum root concentration and therefore 
water uptake by the plant. Water resources users, 
however, can be significantly helped with estimates 
that are related to moisture In the top 5 to 2Q cm 
of the soil. Surface layer soil moisture possibly 
can be used to infer the moisture at deeper depths 
as an alternative technique pending development of 
more sophisticated systems. 


Pro ught 

We know that a deficiency in plant-available soli 
moisture reduces crop production, but precise def- 
inition of drought is difficult, There have been 
definitions of drought for nearly every discipline 
and It Is usually defined In terms of how It af- 
fects a specific discipline. 

An agricultural drought is concerned with soil 
moisture deficiencies related to crop yield, This 
varies depending upon the crops and the climatic 
region where they are grown. If Irrigation water 
Is available, the economic Impact of drought will 
be reduced. Drought conditions In dryland farming 
regions are the major cause of agricultural crop 
losses while drought In Irrigated regions usually 
results In excessive use of water to produce a 
crop! conversely, drought may result in less area 
under cultivation in any given year, 

A hydrologist will think of drought as a deficiency 
In precipitation or runoff. He may consider this 
In terms of a decline In groundwater levels or In 
the amount of water held In a reservoir. The mea- 
surement will usually be In terms of a deviation 
from the normal, a relationship which Is found In 
most definitions. 

A meteorological drought will be concerned with a 
deviation from the normal or mean precipitation for 
that location. Systems or Indices such as the 
Palmer Drought Index have been used to classify 
drought severity using the difference between actu- 
al monthly precipitation and that required to meet 
the demands of evapotranspiratlon. Both the dur- 
ation and the magnitude of the abnormal moisture 
deficiencies are considered. 

A drought becomes recognizable only after a period 
of time has passed. The termination of a drought 
i* almost as difficult to detect as the beginning 
because It may be temporarily Interrupted by one or 
more short precipitation periods, A knowledge of 
soil moisture at anv given time, by location, 
becomes extremely Important when discussing drought 
and determining Its potential and actual Impact. 


Agriculture 

Soil moisture, as mentioned earlier, Is important 
to the growth of all vegetation. Soil moisture Is 
considered directly or Indirectly by many different 
users In each stage of production of cultivated 
crops, range, and forest. Agricultural crops must 
have optimum soil moisture regimes to reach maximum 
production. Drought or excessive moisture devi- 
ations from those optimum levels will reduce Imme- 
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dlate and future yield, Increase possible damage 
and losses from pests, and may result In the com- 
plete loss of the crop. 

Crop Production 

Soil moisture In the root zone Is needed on a 
dally basis with global coverage to support the 
operation of crop yield and crop calendar models.* 

During the growth and development stages, the 
farmer or producer Is concerned with a number of 
practices which he uses to stimulate the growth, 
quality and yield of his crop. Some of these prac- 
tices Include fertilization, water management, 
which includes both Irrigation and drainage, and 
cultivation and/or harvesting operations. The con- 
trol of pests such as weeds, Insects or pathogens 
has fostered a number of Industries which not only 
supply the chemicals but also custom apply them for 
the producer. All of these management practices 
are related to the soil moisture conditions because 
soil moisture determines when the practices are 
most efficient. 

Data and Information requirements for soil moisture 
are variable at the different production stages 
(Table 1). Highest accuracies are required for 


identified by the Joint Remote Sensing Planning 
Team during the March 13-17, 1978 Planning Sessions 
at Goddard Space Plight Center, Greenbelt, Maryland. 


yield estimates. Irrigation scheduling, and pest 
control, More frequent coverage at a higher res- 
olution Is required when greater economic gains or 
losses are at stake. 

Leaching of soil nutrients, deposition of saline or 
alkaline deposits, and flushing of agricultural 
chemicals in surface runoffs are of concern because 
of their Impact on the environment. Movement of 
herbicides, fungicides, and Insecticides within the 
soil water Is also a direct economic concern to the 
farmer. More accurate soil moisture measurements 
would assist In better planning to reduce losses. 

Range Production 1 

Some of the same practices or production stages 
listed In crop production are of Interest to range 
managers and to wildlife managers, The range man- 
ager should be concerned with the problems of ero- 
sion and soil damage which can result during ground 
preparation and planting phases If the soil Is too 
wet (soil compaction, puddling, etc.) or too dry 
(wind erosion). 

Range and wildlife managers may use a number of 
techniques such as timing of herbicide application 
to control poisonous or noxious plant species. 
Deferred grazing Is used to prevent compaction dam- 
age to wet soil to permit the germination of desir- 
able species. Practices such as salting, fencing, 
and water Improvements are used to distribute graz- 
ing more evenly. 


Table 1 

Soli Moisture Information and Data Requirements 
at Different Crop Production Stages 


Crop Production Stage 

Accuracy 

Level* 

Frequency 

(Days) 

Resolution 

(km 2 ) 

Depth 

Planning (Acreage & Yield 
Predictions) 

3-5 

7-20 

1-15 

profile 

Ground Preparation & Planting 

1-3 

5 

.5-1 

surface layer 

Germination 

3 

5 

1-10 

surface layer 

Growth & Development 

Nutrient Supply 

3 

7-10 

1-10 

profile 

Water Management-Irrigation 

5 

3 

.5 

profile 

Water Mfinagement-Drainage 

3 

3-5 

1-10 

profile 

Pest Management 

5 

3 

.5 

surface layer 

Maturing-Yield Estimate 

3-5 

3-10 

.5-1 

profile 

Harvest 

3 

3-7 

.5 

surface layer 


* 1 * General accuracy of High, Medium, or Low 
2-4 * Gradation between accuracy level 1 and 5 
5 ■ ±4* accuracy by value measurement 
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Forest Production 

Many aspects of the production stages listed 
under crop production will also apply to timber 
production. The forester Is concerned about soil 
moisture conditions suitable for ground preparation 
and planting twice In one crop cycle, Seedlings 
are frequently grown In nurseries where the 
nurseryman faces problems In seedbed preparation 
and adequate soil moisture conditions for germina- 
tion and seedling survival , A few years later the 
seedlings are transplanted. In suitable terrain, 
planting of the seedlings Is a mechanized operation 
Involving trafflcablllty problems for tree planters. 

The forester may not only Irrigate and fertilize In 
his nursery, but will also apply pesticides to con- 
trol competing brush, weed trees, Insects, and 
diseases. Applications must be timed to critical 
periods In the life' cycles of the pests, which are 
frequently dependent on soil moisture temperature 
and plant phenologlcal stage. 


Pest Management 

Some pests follow a life cycle that depends on 
soil moisture and temperature conditions. Altering 
these conditions to any extreme will disrupt their 
life cycle. The effect of shallow water bodies and 
the Increase of mosquito production and its effect 
on public health Is a familiar one. The Increase 
of the screwworm and Its effect on cattle produc- 
tion in the Southwest Is an example of concern for 
animal health. 

A number of users are concerned about conditions 
which affect pest epidemiology, Including the World 
Health Organization, Public Health Service, Food 
and Agriculture Organization, Agency for Inter- 
national Development, and state veterinarians. 

In addition to farmers and chemical manufacturers 
and dealers, other user groups that have an In- 
terest In soil moisture Information as It affects 
pests are the Regional and Environmental Science 
Centers of NOAA, a number of agencies with USDA 
(Animal and Plant Health Inspection Service, and 
Science and Education Administration), aerial 
applicators, and farm broadcasters. 


Soil Classification 

Soil moisture is an Important factor in the map- 
ping of soils and their classification. Soil mois- 
ture regimes are considered in the soil classifica- 
tion process. (Soil moisture regimes are defined 
in terms of groundwater level and the presence or 
absence of water held at a tension of less than 15 
bars of atmospheric pressure In the root zone.) 


Hydrology 

The hydrologist Is concerned with precipitation, 
runoff, infiltration, Irrigation and evapotrans- 
piratlon. There are many factors pertaining to the 
hydrologic cycle (Figure 2) that are closely re- 
lated to soil moisture. The land surface and soil 
blocks as shown In Figure 2 affect all aspects of 
water movement except when the atmosphere and water 
bodies interact directly. Soil moisture Is Impor- 


tant because It affects runoff and the rate of 

Infiltration, which are vital to estimation of 

flood hazard and the design of water control 

structures. 

Several Important stages of the hydrologic cycle 
were explored for their Importance to users. The 

accuracy needs, frequency of coverage and resolu- 
tion requirements of the users were estimated 
(Table 2). 


Runoff Potential 

The National Weather Service of the National 
Oceanic and Atmospheric Administration has the 
primary responsibility for flood hazard warnings. 
However, flood-flow measurements by the U.S. Army 
Corps of Engineers and the U.S. Geological Survey 
of the Department of the Interior are reported to 
forecasters to aid in the warning system. Current 
methods of runoff prediction depend on adequate 
separation of the precipitation Into Infiltration, 
runoff, and surface storage, This separation Is 
dependent on the soil moisture condition at the 
tine the storm begins. 

The Soil Conservation Service of USDA Is responsi- 
ble for design of large numbers of water control 
structures on ungauged drainage basins. Their 
models require accurate estimates of soil moisture 
or antecedent precipitation as an Index of soil 
moisture. Forecasts of runoff from ungauged water- 
sheds can be improved with reliable estimates of 
soil moisture. These models are used to establish 
design criteria for dams, bridges, culverts, and 
channel control devices. Improvement in the pre- 
diction capability of the models will result In 
Improved design that can save construction costs 
and Improve water quality. Further benefits may 
accrue from the use of time series soil moisture 
measurements to classify runoff potential on un- 
gauged areas. 


Erosion Losses 

Estimation of erosion and sedimentation transport 
Is a primary concern of design engineers. When 
present techniques are used, sediment yield Is 
attributed to soil losses from fields and from bank 
erosion and gullies. Moisture conditions In the 
soils affect the weathering processes and the ulti- 
mate supply of sediment to the stream. However, 
the runoff process, which Is affected by soil mois- 
ture, Is the primary mechanism for erosion and sed- 
iment transport. Unfortunately, present design 
procedures have not been developed to the point 
Where soil moisture Is used In calculating erosion 
and transport primarily due to the lack of adequate 
soil moisture estimates < 

Measurement of soil moisture combined with remote 
sensing data that measure the extent of gully area 
could enhance the prediction of sediment transport 
Into the water storage structures and sediment 
traps. The need for production control Is pri- 
marily In the upstream drainage systems. Builders 
of dams for flood detention or power supply are 
very concerned with predicted volumes of sediment. 
Sediment transport Is also a concern to those 
responsible for water quality since pesticides are 
transported by sediment particles. 
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Figure 2. The Hydrologic Cycle from an 

Engineering Viewpoint (after ' 
Eagleson, 1970). 




Table 2 

Needs of Soil Moisture Information and Data Requirements in Hydroloi 
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1 = General accuracy of High, Medium or Low 
2-4 = Gradation between level 1 and 5 
5 = ±2% accuracy by volume measurement 

** = Data refer only to the users on the respective line in the table 






Reservoir Management 

Reservoir management models depend on runoff 
models that calculate Inflow to the Impoundment. 
Improvement In water runoff prediction with addi- 
tional soil moisture data will Improve the manage- 
ment mode but now-models that can Incorporate soil 
moisture data must be developed. The allotment of 
.the water for specific uses Is very dependent on 
the amount of water In the reservoir and that which 
can be predicted. 

Infiltration 

Infiltration rate or rate of depletion of surface 
soil moisture Is a critical soil interpretation 
used by those developing Irrigation systems, pre- 
dicting watershed runoff, determining groundwater 
recharge, etc. These rates must be known before 
any water balance model can be updated effec- 
tively. Almost all infiltration models have one or 
more parameters that are dependent upon the soil 
moisture before water application. Drying rates 
also determine how early soils can be subjected to 
tillage or heavy traffic. Time series of soil 
moisture measurements can be used to help determine 
these rates. 

Mater Quality 

Water quality monitoring and management are the 
responsibility of many federal agencies with the 
Environmental Protection Agency (EPA) setting the 
standards to be followed. The agencies must seek 
EPA * s approval of proposed work that may Influence 
water quality. The movement of water In soils can 
transport pollutants and nutrients Into the ground- 
water supply. Modeling soil water movement requires 
a reliable measure of soil moisture. It should be 
mandatory that soil moisture measurements be re- 
lated to more than one depth level In order to de- 
velop more precise models. 

Most water quality analysis depends upon runoff 
from the land surface or percolation out of the 
root zone. The Influence of soil moisture here is 
Indirect through Its control of the rate of run- 
off. However, soil moisture does have a direct 
Influence on the rate of the mineralization of ni- 
trogen which can affect efficiency of nitrate fer- 
tilizer applications. Excess fertilizer may end up 
as a pollutant In a waterway or the groundwater. 


Wetland Inventory 

The U.S. Fish and Wildlife Service has begun an 
Inventory of wetland and aquatic habitats of the 
United States. Detection and measurement of water 
and soil moisture are extremely Important to the 
wetland classification system. When an adequate 
sensor system can be defined for measurement of 
soil moisture, an absolute classification of wet- 
lands may be accomplished. 

Weather and Climate 

Evapotransplratlon Is the combined loss of water 
through the process of evaporation and transpira- 
tion. Many methods exist for calculating or mea- 
suring evapotransplratlon; a compilation of the 
various techniques Is given In a treatise by Jensen 
(1975). Evaporation occurs from water surfaces or 


bare soil while evapotransplratlon occurs when a 
canopy Is present on the surface. 

Idso et al. (1974) described the various stages of 
evaporation from a bare soil surface. During the 
first stage when the surface Is wet, the rate Is 
limited only by the availability of energy to the 
surface, As the surface dries, the rate decreases 
and Is controlled by the transfer of water to the 
surface. The length of time between stage I and 3 
evaporation depends on the surface soil moisture 
and the energy available to the surface. There- 
fore, the rate of soil evaporation depends upon the 
soil moisture content. 

Evapotransplratlon from a canopy depends on the 
soil moisture available In the volume of soil oc- 
cupied by active roots, the type of canopy, and the 
energy Input to the system. There are only a few 
methods which accurately determine evapotransplra- 
tlon with limited water availability (Jensen, 1975; 
Kanemasu et al., 197$). Soil moisture controls the 
rate of water supply' to the roots, but the canopy 
controls the rate of water loss to the atmosphere 
through stomata I regulation. 

Of the evapotransplratlon models that are avail- 
able, few are applicable over large regions and 
make use of remotely sensed data, Research Is 
needed In the following areas: 

• Spatial variability of soil moisture In the 
field and Its effect on the Integrated evapo- 
transplratlon for the field 

• Evapotransplratlon models which are applicable 
to large regions 

• Experimental procedures for defining the spa- 
tial and accuracy requirements 

The accuracy and spatial resolution requirements 
vary for each application. For individual fields, 
the accuracy of soil moisture may have to be 2 to 
3 % (volume basis) for the upper two meters of the 
soil profile and the spatial resolution on the 
order of 25 to 100m. For large regional applica- 
tions, the accuracy may be relaxed to 5 to 10X 
(volume basis) for the upper two meters of the pro- 
file and the spatial resolution to 100 km. 

Numerical simulation studies with atmospheric gen- 
eral circulation models show that the storage of 
water In the soil and Its transfer to the atmo- 
sphere by evapotransplratlon has a large influence 
on rainfall. 

An example Is the set of simulation experiments by 
Charney (1977), shown In Figure 3, where In one 
case the land surface evapotransplratlon was made 
almost zero everywhere and, In the other, it was 
made either equal to or some large fraction of the 
potential evapotransplratlon, with all other condi- 
tions being exactly the same. 
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Figure 3. Simulated July Mean Precipitation (mm/day), from Charney, et al. (1977). 


As the figure shpws, when there is no land surface 
evapotransplration, there Is relatively little 
rainfall on the continents, and the rain that does 
fall Is mainly what comes out of the oceanic mon- 
soon currents. 

: In another set of experiments, by Rowntree and 

i Bolton (1978), an interactive rather than a fixed 

ground hydrology was used. The maximum available 
| water that the soil could hold was set equal to 20 

| gm cm -2 , and the ratio of evapotransplration to 

fj potential evapotranspiratioh was taken as the 

lesser of unity and [soil water/10 gm cm" 2 !. 
K Three simulation experiments were made, each for 50 

l-i 


fj 

ff . 
i| 


days. ending on July 15, in which the only differ- 
ence was the initial amount of water in the soil at 
those land points in Europe which lie between 40° 
and 54°N, and west of 30°E. 

In Figure 4, the top panel shows the simulated 
rainfall, averaged over the final 30 days, when at 
all land points the initial soil water was 5 
gm cm -2 . The center panel shows the rainfall 

when, within the indicated region, the initial soil 
water was zero. The bottom panel shows the rain- 
fall when, within that region, the initial soil 
water was 15 gm cm" 2 . 
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Figure 4. Rainfall (mm/day), Averaged for 15 June - 15 July, In 
the Simulation Experiments of Rowntree and Bolton 
(1978). Top panel: Control run (C), In which the 
Initial soil water, on 27 May, was 5 gm/cm2 
everywhere. Center panel: Dry soil experiment (D), In 
which, within the Indicated rectangular region, the 
initial soil water was 0. Bottom panel: Wet soil 
experiment (W), in which, within the indicated 
rectangular region, the Initial soil water was 
15 gm/cm z . 
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Figure 5 shows the profiles of the rainfall, along 
longitude 13°E, for the three cases. We see that 
over most of the map the differences In the rain- 
fall are such as can be produced by the natural 
variability of the atmosphere. But within and Im- 
mediately to the north of the region of different 
Initial amounts of soil water, there is a large 
Increase In the rainfall when the Initially wet 
soil case Is compared with the Initially dry soil 
case. At the center of the region, the 30-day av- 
erage rainfall Increases from about 1 mm/day to 5 
mm/day. 



Figure 5. Meridional Distribution of the 
Rainfall, Along-ljPE Longitude, 
In Experiments C, D and W. 


These two sets of experiments are for the summer 
season, when the solar radiation Is large and, 
therefore, the surface radiation balance and the 
potential evapotransplratlon are large. 

In the winter season, the surface radiation balance 
and potential evapotransplratlon will be smaller 
and, therefore, the actual evapotransplratlon will 
generally be smaller. Moreover, In the winter sea- 
son some of the soil water that enters the air will 
be removed from the continent as part of the pro- 
cess by which cold, and therefore dry, continental 
air begins Its conversion Into warmer and molster 
tropical air. We do not expect, therefore, that 
there will be as much precipitation recycling of 
the soil water In winter as In summer. 

FOREIGN USES OF SOIL MOISTURE INFORMATION 

The economy of the United States is tied very 
loosely to that of other developed nations, and 
With many Important and long-range trade aspects of 
developing nations. Soil moisture Information can 
be utilized In similar ways In other developed 
nations as has been discussed for the United 
States. In developing nations, the Importance of 
soil moisture data Is in the prediction of current 
food production and assistance In agricultural land 
development. 

The importance of accurate weather predictions and 
soil moisture supplies has been recognized by such 
projects as the Large Area Crop Inventory Experi- 
ment (LACIE). The initial planning phases of any 
project of land development require reliable data 
on soils, vegetation, water and other resources. 


Current reliable data also have an Influence on the 
location and method of Infrastructure development. 

Since the passage of the Title XII Act of 1976, 
U.S. Land Grant Colleges have taken a more aggres- 
sive and realistic role In foreign agricultural 
development. The need for planning Information, 
Including soil moisture status, would be extremely 
helpful to these programs as well as to ongoing 
programs of foreign governments, Food and 
Agricultural Organization, Agency for International 
Development, foundations and private development 
financiers. 

AGENCY/ORGANIZATION USES 

Following are summaries of uses of soil moisture 
Information and activities related to soil moisture 
that were submitted by various agencies and organi- 
zations; 

Forest Service 

The Forest Service uses soil moisture Information 
In three major areas: 

• Soil moisture as related to plant growth 

- time of planting for forest regeneration, 
range seeding, etc. 

- species selection 

- site productivity 

• Soil moisture and hydrologic relationships 

- predicting soil runoff, flood and erosion 
hazard 

• Soil moisture and soil mantle stability rela- 
tionships * 

- road construction and other engineering 
activities 

In all three areas the Forest Service needs the 
ability to determine and/or predict the soil mois- 
ture content at a given time. At present soil 
moisture regimes, Identified by direct moisture 
measurements, are used to make such predictions. 
Because on-site measurements are costly and time 
consuming, the Forest Service more often estimates 
soil-moisture regimes on the basis of the type of 
natural vegetation on the site. 

Economics, Statistics, and Cooperative Service 

Soil moisture Is undoubtedly very Important In 
its effects on crop yields. The Economics, Statis- 
tics, and Cooperative Service has a definite Inter- 
est In soil moisture because the agency estimates 
and forecasts crop yields. At maturity, crop 
yields can be measured and estimated directly from 
sample surveys. Forecasts, when crops are ap- 
proaching maturity, can also be based upon direct 
crop measurements as "Interpreted" through appro- 
priate forecasting models. Use of physiological 
models which Incorporate soil moisture among other 
variables are therefore of greatest potential value 
In providing early to mid-season forecasts. Cur- 
rently several physiological models are being eval- 
uated. All depend to some extent on soil mois- 
ture. If the utility of any of these models Is 


14 



proven, and if they are adopted as an operational 
method, more comprehensive soil moisture informa- 
tion can be utilized. 

Soil Conservation Service (SCS) 

The Soil Conservation Service is interested In 
soil moisture as it relates to drought and soil 
classification. To aid rural drought disaster or 
potential drought areas, SCS needs Improved knowl- 
edge of soil moisture, If SCS could deliver useful 
information on the spatial extent of drought condi- 
tions and probable future moisture availability, 
better resource management decisions could be made, 

The principal drought-related needs of SCS are; 

• A system for drought forecasting that allows 

the government time to gear up with assistance 
programs * 

• A signal whereby SCS can adjust its operation 
to focus on drought-related assistance 

Soil moisture needs of SCS related to soil classi- 
fication are* 

• Water content at saturation by family 

• Saturated and unsaturated hydraulic conductiv- 
ity by family 

Some present and proposed soil moisture studies 
Include: 

•• A study to determine moisture status and tem- 
perature of dry soils In the southwest, in 
order to determine the length of time the 
soils are dry, as an aid In classification 

• A study of the physical properties of soils In 
watershed hydrology 

• A survey conducted by the National Soil Survey 
Laboratory to study effects of parallthlc con- 
tacts on hydraulic conductivity 

• A planned soil moisture study In eight of the 
major agricultural regions In the United 
States to verify and Improve soil moisture 
models for determining and evaluating wetness . 
and drought, and to improve soil classifica- 
tion with respect to moisture regime 

• An agreement with the Science and Education 
Administration to expand a site-specific 
watershed evapotransplratlon model to an 
area-wide evapotransplratlon model 


Science and Education Administration (SEA) 

The Science and Education Administration is 
interested In soil moisture because of Its Impor- 
tance to: 

• Physiological processes of crop and range 
plants that affect growth and yield 

• Irrigation requirements and scheduling 

• Drought, drainage needs, traff Inability, habi- 
tat of Insects and pathogens 


• Land suitability and capability 

• Water yield 

• Watershed hydrology and management 

• Non-point source pollution 


Water and Power Resources Service (WPRS) 

The Water and Power Resources Service (formerly 
U.S, Bureau of Reclamation) requires soil moisture 
and related Information for wide-area application 
of its Irrigation Management Services (IMS) pro- 
gram. The goal of IMS Is to achieve optimum opera- 
tion of entire Irrigation projects. The IMS pro- 
gram currently includes portions of 26 irrigation 
projects in 12 western states and Involves fleld- 
by-tleld Irrigation scheduling and operational co- 
ordination of farm water demand throughout irriga- 
tion project storage and distribution systems. 
Several functions are performed periodically 
(dally, biweekly, etc,), Including monitoring soil 
moisture with neutron probes, tensiometers or simi- 
lar equipment; computerizing water budget analysis 
of evapotransplratlon and consumptive use; and ac- 
counting of Irrigation and cropping patterns. Soil 
moisture and related Information needed for appli- 
cation of IMS Include; 

• Identification of land mass receiving Irriga- 
tion 

- total irrigated vs. nonlrrlgated acreage 

- crop Identification and acreage 

- field boundary mapping 

• Surface moisture conditions (Indication of 
recent Irrigation or precipitation) 

• Crop growth stage 

• Cultural operations (periodic harvesting of 
alfalfa) 

• Identification of areas of crop stress 

• Identification of drainage problem areas and 
high water tables 

The Hydrology Branch of the Division of Planning 
Coordination has the following soil moisture and 
related requirements; 

• The ability to identify farms and fields re- 
ceiving Irrigation water 

• Coverage, depth, and water equivalent of snow 

• The soil moisture condition of a drainage area 
prior to snow coverage 

• The soil moisture condition of a drainage area 
before and after a precipitation event 

• The soil moisture condition of a drainage area 
before and after a flood 

• The soil moisture condition of a field at the 
beginning and end of a growing season 


• The soil moisture condition of Irrigated 
fields at the head and lower ends after Ir- 
rigation 


The Land Utilization Section of the Resource Analy- 
sis Branch Is Interested In soil moisture because 
of Its Importance In economic land classification 
for sustained Irrigation. Planning studies for 
water and land resource development Include deter- 
mining moisture retention properties, Infiltration 
characteristics, and permeability conditions of 
soil. In addition to direct soil moisture consid- 
erations, land classification is also concerned 
with related conditions of soil salinity, root pen- 
etration, and aeration within the root zone. 


U.S. Geological Survey (USGS1 

The Water Resources Division of USGS Is conduct- 
ing several research studies that Include soil 
moisture as a variable. Although soil moisture 
needs are somewhat peripheral to most of the water 
resource Investigations, a number of hydrologic 
studies require soil moisture Information. Current 
activities related to soil moisture are; 


• A study of the dynamic movement of water from 
the soil surface to an aquifer. The hydraulic 
characteristics of the soil types and the 
availability of the water to move through the 
soils are of primary concern. 

o A study devoted to development of groundwater 
supplies and soli and water conservation for 
public land. If the degree of soil wetting or 
moisture depletion can be determined synop- 
tlcally and at frequent Intervals, the Infor- 
mation would be useful for management deci- 
sions on use of resources of the arid west. 

• Development of model for runoff analysis. 
Volume and timing of surface runoff from rain- 
fall or snowmelt are Influenced by soil mois- 
ture conditions Immediately preceding the 
event. These antecedent soil moisture condi- 
tions vary temporally and spatially, and in- 
clude factors such as slope, aspect, soil 
type, and vegetation type and density. 

» A study of erosion and sedimentation. 

• Wetlands studies. Although wetland soils are 
often saturated, some fringe areas may be dry 
during certain times of the year, and these 
dynamic conditions may be Important In under- 
standing wetland hydrology. 

• National water-use Inventory. The Water 
Resources Division has been directed to con- 
duct a national water use inventory that In- 
cludes domestic, agricultural, and Industrial 
uses. One of the more difficult aspects of 
the inventory Is Identification of Irrigated 
areas. 

• A study of water movement in karst terrain and 
fracture zones. Remote sensing, particularly 
thermal Imagery, has been used to identify 
sink areas In karst terrain, and to study 
water movement through fracture zones. 


Army Corps of Engineers 

The Waterways Experiment Station of the Corps of 
Engineers Is Interested In soil moisture monitoring 
and forecasting because soil moisture has a major 
Influence on performance of different types of mil- 
itary vehicles and is a factor In estimating stream 
levels and predicting flooding. For military ap- 
plication, estimating soil moisture without re- 
course to In situ field measurements Is desirable. 

In the late 1940's the Waterways Experiment Station 
(WES) began studies on mobility of military 
vehicles. It was obvious that soil moisture to a 
depth of about 12 Inches had a major Influence on 
soil strength and vehicle mobility. Mobility 
studies are still underway and it appears that rea- 
sonably accurate forecasts of soil moisture will be 
possible utilizing a soil moisture model with In- 
formation from meteorological monitoring and fore- 
casting, and remote sensors. 

Recent developments In computers, mathematical 
modeling and remote sensing have added a new dimen- 
sion to hydrology. The Waterways Experiment 
Station Is currently conducting a study in military 
hydrology which Is Intended to Improve the hydro- 
logic capability of the armed forces, The major 
difference between military and civilian hydrology 
concerns the restrictions on access to the water- 
shed under military operation, making remote sens- 
ing an essential aspect of the study. It Is felt 
that a soil moisture model compatible with remote 
sensing systems will be necessary to estimate mois- 
ture as a function of depth to forecast soil mois- 
ture conditions throughout the watershed for sev- 
eral days In advance. 

Soil moisture Is also one of the parameters used by 
the Corps of Engineers In civil works projects to 
predict reservoir Inflow from storms as well as for 
general river forecasting. It Is also one of the 
parameters used In estimating snow cover runoff, 
In addition, soil moisture content downstream Is an 
Input for planning reservoir operations. Data ob- 
tained by remote sensing could be used by the Corps 
In these operations. 

Agency for International Development (AID) 

AID Is Interested In soil moisture as It relates 
to drought and desertification In developing coun- 
tries. Lack of rain, shifting winds, and overgraz- 
ing are among the factors that contribute to de- 
sertification. If the drought that affected the 
Sahel In Africa could have been anticipated, ar- 
rangements could have been made earlier to supply 
and distribute food to the affected areas. Thus, 
AID Is Interested in development of remote-sensing 
techniques to anticipate the need and supply food 
to drought-affected areas. Soil moisture Is one of 
the parameters that Is Important In drought moni- 
toring. 

NASA 

As part of a LACIE-type program, NASA Is Inter- 
ested in Improving yield technology through soil 
moisture sensing. At the present time the capabil- 
ity exists to run some soil moisture budget models 
using ground meteorological data. What Is. needed 
Is an Improvement over the current state of the 
art. Soil moisture estimates are required not only 


for bare soil, but for a developing canopy as 
well. Preliminary agriculture yield model/soil 
moisture requirements are as follows! 

t Soil moisture profile measurement requirements 

- resolution between field size and (15 km)2 
grid 

- wateu content to within *10 percent of value 
with specifics ,B of depth of water 

- depth of profile to beneath root zone 

- repeat every 18 days to update soil moisture 
models to more frequent repeats If dictated 
by Integration with yield models 

- soil moisture yardstick Invariant through 
crop season, canopy, tillage variations, 
topographic difference, time of day 

• Detailed requirements are being developed 

through assessments of performance of compet- 
ing yield modeling approaches. 


NASA, In response to the Interdepartment Committee 
for Atmospheric Sciences' report A United States 
Climate Plan, has developed a plan for using NASA 
observational capabilities to advance practical 
understanding of the behavior of climate systems. 
The climate spectrum has been divided Into four 
separate but Interrelated portions; 


• Current, state of the climate 

• Regional climate which occurs on a time scale 
longer than a month but shorter than a decade 

• Climate which occurs on time scales of a dec- 
ade or longer 

• Climate produced by man's activities on all 
time and spatial scales 


The ability of the soil to store water and release 
It through evapotransplratlon Is Important In cli- 
mate forecasting. Soil moisture requirements of 
the NASA Climate Program are summarized in Table 3. 


Table 3 

Soil Moisture and Related Requirements 
of the NASA Climate Program* 


Parameter 

Desired 

Accuracy 


Base 

Requirement 

Spatial 

Resolution 

Temporal 

Resolution 

Surface soil 
moisture 

0.05 cm 3 H 2 0 
cm 

soil 

4 levels 

500 km 

1 month 

Soli moisture 
(root zone) 

0.05 cm 3 H ? 0 

j 

soil 

4 levels 

500 km 

1 month 

Evapotrans- 

plratlon 

ion 


25% 

500 km 

1 month 

Plant water 
stress 

stress/unstressed 


500 km 

1 month 


♦These are preliminary estimates which will be refined as soil moisture parameters are 
incorporated In evolving climate models, and sensitivity experiments are performed. 
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NOAA 


There are several reasons why NOAA Is Interested 
In soil moisture remote sensing. First, because 
NOAA Is responsible for river and flood forecasting 
and soil moisture Is an unknown, unmeasured vari- 
able that affects such forecasts; secondly, because 
NOAA has an obligation to the agricultural com- 
munity to provide Improved agricultural- 
meteorological-hydrological forecasts and warn- 
ings; and thirdly, because NOAA has a need for 
soil-moisture data on global and regional scales 
for Improved global dynamic climatological modeling 
and other related climate studies. 

Indicative of NOAA Interest In Improving these 
three areas of study Is the recent USDA/NOAA/NASA 
Agricultural Initiative for FY-80, the NWS Flash 
Flood Initiative of FY-79, and the new Climate 
Program established during 1978. 

Currently, In the NWS river forecast models, a 
parameter that has served for decades Is the API 
(Antecedent Precipitation Index). It Is based on 
prior precipitation and provides an Index number 
that Is Indicative of soil moisture. 

Accurate, near-surface soil moisture values would 
be an Improvement over the API. Operational hy- 
drologists, however, cannot be expected to make 

such a change without convincing, supportive evi- 
dence. Experiments to analyze, compare, and evalu- 
ate satellite-derived soil moisture values as a 
function of precipitation, satellite estimation of 
precipitation, and API are desirable. 

Kern County Water Agency (Example of a Local 

Agency) 

The Kern County Water Agency In Kern County, 
California, has cooperated with various universi- 
ties and organizations In evaluation of phenomena 
related to soil moisture, particularly In evaluat- 
ing problems related to drainage, Some of these 

studies and activities are: 

• Monitoring development of perched water tables 

• Evaluating crop damage within drainage problem 
areas 

• Landsat-aldcfj evaluation of water demand 

• Radar study of soil moisture 

• Thermal study to establish surface thermal 
properties and soil moisture profiles 

• Landsat evaluation of crop stress and crop 

damage. 
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SUMMARY OF CURRENT STATUS 


MODELS 

Models havq several Important roles In the study of 
soil moisture using remote sensing. There are two 
categories of models that are Involved: User Group 
Application Models and Research Models. User Group 
Application Models are the decision-making tools of 
various agencies. These models can help define the 
type of soil moisture Information that remote sens- 
ing should provide. Research models are used to 
understand the phenomena of sol 1-water-plant- 
atmosphere Interactions, and electro-magnetic wave- 
soil moisture Interactions, and to extend limited 
data sets. Other models serve several purposes 
Including relating soil moisture to the remotely 
sensed data. New models may be necessary to fully 
exploit the capabilities of remote sensors based on 
sensor response. 

Application Models 

Agricultural Management Models 

Most operational application models In agricul- 
ture which use soil moisture Information are for 
scheduling Irrigation. Several soil moisture bud- 
get models have been developed specifically for 
that purpose. For Irrigation scheduling, profile 
soil moisture Is required with an accuracy of ±5 to 
IQ percent by volume and a repeat cycle of 3 to 5 
days. 

These soil moisture Budget models use standard 
meteorological data (temperature, precipitation, 
applied Irrigation water, solar radiation, etc.) 
and estimates of crop growth (crop coefficient, 
leaf area Index) to assess evapotransplratlon (ET) 
which, along with hydraulic properties of the soil, 
are used to evaluate soil water depletion. Irriga- 
tion water Is applied when the depletion reaches a 
critical value. 

The Jensen et al. (1971) model Is used extensively 
by the Irrigation Management Services (IMS) of the 
Water and Power Resources Service. The Jensen 
model estimates actual ET from a crop coefficient 
and potential ET. Estimates of ET are then used In 
a water budget to estimate soil water depletion. 
From these calculations an estimate of available 
soil moisture Is derived. 

A number of sophisticated soil moisture models have 
been developed fdr a variety of crops, locations 
and conditions (Shaw, 1963; Baler and Robertson, 
1966; Shanholtz and Llllard, 1970; Lewln, 1972; 
Jensen et al., 1971; Fitzpatrick and Nix, 1969; 
Makklnk and van Heemst, 1975; Kanemasu, 1977; 
Stuff, 1975; Stuff and Dale, 1978). These models 
are generally accurate, and they have been success- 
ful In estimating soil moisture profiles for the 
site-specific conditions for which they have been 
developed. Some of these models can be modified to 
utilize Inputs from remote sensors. The Kanemasu 
model, which estimates soil evaporation and trans- 
piration as separate components for use In a soil 
water budget, has been expanded to obtain model 
Inputs of solar radiation and leaf area Index from 
satellite data (Kanemasu, E. T., R. R. Stone, and 
W. L. Powers, 1976). 


A number of growth, yield, and crop calendar models 
have been developed which have soil moisture as an 
Input or have a soil moisture submodel as an Inte- 
gral part of the model. The models are generally 
research models and have not been Implemented on an 
operational basis, Because of the Large Area Crop 
Inventory Experiment (LACIE), models related to 
wheat have received considerable attention In re- 
cent years. 

The first generation models developed as part of 
LACIE were entirely empirical with little knowledge 
of the plant and soil moisture used In constructing 
the model. Second generation models that were de- 
veloped, are more physiological and many contain 
soil moisture profile submodels. These wheat-yield 
models are summarized below: 

(1) Baler Spring Wheat Model (Baler, 1973) 

Yield Is a function of temperature, ratio of 
actual to potential evapotransplratlon (ET) 
Phenology and soil moisture submodels 

(2) Haun Spring Wheat Model (Haun, 1976) 

Yield Is a function of a growth Index and 

preseason precipitation 

Growth Index and soil moisture submodels 

(3) EarthSat Spring Wheat Model (EarthSat, 1976) 
Yield Is a function of year, ratio of actual 
to potential ET 

Grid cell weather, phenology, and soil mois- 
ture submodels 

(4) Peyerherm Spring and Winter Wheat Models 
(Feyerherm, 1977) 

Yield Is a function of cropping patterns, 

variety, nitrogen and weather 
Phenology and soil moisture submodels 

(5) Cate-L leblg Spring Wheat Model (JSC, 1978) 

Yield Is a function of nitrogen, water up- 

take, and temperature 

Phenology, water balance, and soil nitrogen 
submodels 

(6) Kanemasu Winter Wheat Models (Kanemasu, 1977) 

Yield Is a function of ratio of actual to 

potential transpiration 

Yield Is a function of carbon dioxide ex- 

change rate and leaf area Index 
Phenology, soil moisture, dry matter accumu- 
lation, and Landsat leaf area index submodels 


Crop calendar (phenology) models which use soil 
moisture have been developed to predict stages of 
development (Haun, 1976). Growth and yield models 
which use either soil moisture or precipitation 
have been developed for other crops as well (corn, 
sorghum, soybean, alfalfa, etc.). 

Quantitative use of soil moisture In most other 
agricultural applications remains a concept rather 
than a reality because of the lack of soil moisture 
Information on a regional basis. Once the ability 
to provide soil moisture information on a regional 
basis Is demonstrated, model development for agri- 
cultural applications will expand. Many of these 
assessments could be of the surface few centimeters 
on a high, medium, and low basis. However, the 
repeat cycle would be 2 or 3 days due to the dynam- 
ic nature of the surface layers. 
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Hydrologic Models 

Hydrologic models are used for both decision mak* 
Ing and research. Decision-making applications 
usually Involve the prediction of the watershed 
response to meteorological events or the analysis 
of the Impact of proposed watershed modifications 
on streamflow or other hydrologic variables. 

Host of the models utilized In these studies are 
called continuous simulation models. The name 
comes about due to the fact that they perform a 
continuous time step accounting of the condition of 
the system using the current climatological Inputs, 
the previous condition of the system, and response 
functions to predict the state at the end of the 
time step, 


Most watershed simulation models Include a com- 
ponent which simulates the soil-water reservoir. 
Generally, the soil column Is subdivided Into sev- 
eral layers, one of which Is usually the root zone 
or "A" horizon of the soil. These mc'^ls are set 
up to perform a continuous simulation of the status 
of the soil-water reservoir starting with a speci- 
fied Initial condition. The simulation time step 
n usually one hour. 


Remote sensing of soil moisture Is attractive for 
use with these models for two reasons. First, It 
can be used to bring the model simulations back In 
line or "recalibrate" parameters. Model structure, 
Improper calibration and the use of point measure- 
ments can lead to errors In the model simulations. 

dince tne nrouei id cawopuiawitc in hwvUib V..UBW 

errors can compound. Remotely sensed measurements 
of soil moisture could be used to check or update 
the simulation. The second use of remotely sensed 


soil moisture measurements Is as a replacement for 
model computations during periods of no rainfall. 
Models must simulate the soil moisture conditions 
prior to the next rainfall. If there was no rain- 
fall for the period the remotely sensed measure- 
ments could be used for this purpose, 

There are a wide variety of hydrologic models In 
use. Since this study Is concerned with soil mois- 
ture, the review presented here deals only with 
those models that utilize this type of data. 
Single event simulation models that only require 
the antecedent soil moisture condition will be ex- 
cluded, All of the models discussed here are con- 
tinuous simulation models. 

Hydrologic simulation has evolved from the use of 
unit hydrographs to complex watershed simulation 
models over the past few decades. The earlier 
models were lumped representations of Individual 
hydrologic processes and spatially varied response 
units, Today's models are distributed linked pro- 
cess models, 

Several surveys of state-of-the-art hydrologic 
models have been published (Vlessman et al,, 1977; 
Fleming, 1975). Only two models will be reviewed 
here; The National Weather Service River Forecas- 
ting System Model (NWSRFS) and the U.S.D.A. 
Hydrograph Laboratory Model (USDAHL). 

The NWSRFS Model was first published b,'j the 
Hydrologic Research Laboratory (1972), The model 

Is based on the Stanford Watershed Model first In- 
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flow chart of the model Is shown In Figure 6. Sev- 
eral modifications have been made to the original 
model and these are described by Peck (1976). 



Figure 6. NWSRFS Catchment Model (Sacramento). 
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The soil moisture component of the NWSRFS Model Is 
based op two soil zones. The upper zone Is made up 
of the upper soil layer and Interception storage. 
Lower zone storage represents the balance of the 
soil column and groundwater storage. Moisture Is 
stored as e|ther tension or free water. The model 
simulates these storages at each time step. A de- 
tailed discussion of the soil moisture component 
and Its parameters Is found In Peck (1976) and 
Armstrong (1978). 

The second model, USDAHL, was developed as an aid 
In agricultural watershed engineering, but has 
proven to be very versatile In many types of land 
use management studies. It Is described In detail 


In Holtan et al. (1975). 

A unique feature of this model Is Its representa- 
tion of the spatial variability of the watershed. 
The watershed Is subdivided Into homogeneous re- 
sponse zones. Usually the subdivision Is based 
upon the land capability classes of the soils. 

A schematic of the simulation Is Illustrated In 
Figure 7. As shown, the soil column within each 
zone Is assumed to be the same and comprised of 
several layers. Generally It Is subdivided Into a 
topsoil layer and the "B" horizon. Soil moisture 
determination for each layer In each zone Is per- 
formed on a continuous Basis. 
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Figure 7. Zone Profiles Illustrating Hydraulic Paths to Be Indicated for Various 
Percentages of Outflows; Paths Greatly Influence Potential for Erosion 
and Chemical Transport (from Holtan et al., 1977). 
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Climate Models 

An excellent state-of-the-art review of climate 
models has been prepared by JOC/GARP (1978). They 
state the following concerning climate models. 
"Physical dynamical models of the Earth-ocean- 
atmosphere system which determines climate are 
based upon the governing thermo-hydrodynamlcal 
equations for the atmosphere and the oceans, and 
formulations for determining the boundary condi- 
tions on the system, Including those formulations 
for calculating the momentum, heat and water vapor 
fluxes across the atmosphere land surface Inter- 
face. Many types of climate models may be con- 

structed, differing In their geometry and In the 
manner In Which physical processes are taken Into 
account." 

These models Include various land surface pro- 
cesses. Current models utilize a simplified repre- 
sentation of hydrology and soil moisture and In- 
clude five components; atmospheric evaporative ca- 
pacity, evapotransplratlon efficiency, ground tem- 
perature, soil moisture and runoff. 

At the present time a great deal of research Is 
being Initiated within the field of climate model- 
ing. The ultimate goal of this research Is a model 
that will yield reliable predictions. Recognizing 
the weaknesses of the current models, Investigators 
are examining the value of improved model structure 
and cell resolution. 

Preliminary studies have shown that model simula- 
tions are sensitive to soil water. Thus, one way 
of Improving model simulations would be tn Improve 
the representation of the soil water system. A 
number of investigators are currently adapting hy- 
drologic models for this purpose. Generally, at 
least two soil layers are simulated, a shallow sur- 
face layer and a deeper layer extending to one or 
two meters. It Is feasible that if frequent mea- 
surements of surface soil moisture were available, 
they could serve as a substitute for detailed hy- 
drologic simulations. 

The other relevant area of climate modeling related 
to soil moisture is spatial cell resolution. Many 
researchers feel that model simulations could be 
greatly Improved If smaller cells were used. Be- 
cause of cost and data constraints, simulations are 
based on very large cells generally several hundred 
kilometers on a side. Naturally the variability of 
the ground and atmospheric variables Is quite high 
within each cell and problems arise In selection of 
representative parameters since there Is very 
little data available for calibration. One way of 
reducing the variability Is to use smaller, more 
homogeneous cells. However, this leads 'to signifi- 
cant drawbacks In terms of costs and data collec- 
tion since all computations are multiplied by the 
number of cells. It Is possible that frequent 
large area soil moisture measurements could be used 
as an observed variable and thus be used to cali- 
brate the model and alio., the use of larger cells. 


Research Models 

Research models are used to study so 11 -water- 
plant-atmospheric relationships and relationships 
among remotely sensed measurements and soil mois- 
ture parameters. Once the basic interactions can 


be modeled reliably using limited data for verifi- 
cation, it Is possible to extend the model to other 
types of problems. This reduces the amount of data 
collection each time a new problem Is encountered, 
Since data collection Is very expensive arid time 
consuming, research models can yield cost savings 
In a research program. 

There are two general categories of research 
models; 1) soil-water movement, storage and loss 
and 2) electromagnetic energy-matter interactions, 
Many submodels and topics must be considered for 
the two broad model categories. The soil temper- 
ature models are dependent upon the soil-water 
movement models, Radiative transfer models require 
Information from both soil-water and temperature 
mode 1 ?. Therefore, the Interactions of all facets 
of the system must be considered In model develop- 
ment. 


Soil -Water Movement, Storage and Loss Models 

The physics of soil-water movement Is well known 
for Ideal situations. However, the physics of nat- 
ural systems Is not well defined due to the vari- 
ability that exists. Soil-water movement is 
governed by physical relationships and parameters 
describing the media and the activity of vegeta- 
tion. It Is the variability of the media and the 
biological activities of vegetation that creates 
problems In modeling. 

There are several texts available on soil -water 
modeling (Hlllel, 1977}' Remson et al., 1971). The 
text by Hlllel (1977) Includes computer programs. 
In addition, several reviews of soil-water models 
have been prepared (Singh, 1971; Hildreth, 1978). 

Most state-of-the-art models simulate a single soil 
column. The column Is assumed to be homogeneous In 
the horizontal directions. Vertical variations are 
accounted for by discrete layers. Each layer Is 
considered homogeneous, 

Flow between vertical layers Is governed by conti- 
nuity and momentum, usually expressed as a set of 
partial differential equations. Relationships be- 
tween soil moisture and hydraulic conductivity, and 
soil moisture and suction are required for each 
layer. This requires field measurement for com- 
plete reliability. Some data are available for 
selected soils and matrix potentials in Holtan et 
al. (1968). Recently, empirical relationships 
based on soil texture have been developed (Clapp 
and Hornberger, 1978). 

Simulation Is performed by using finite difference 
approximations of the partial differentials. In- 
creased accuracy is achieved by small time steps 
and narrow layers. This of course leads to In- 
creased costs for simulation and therefore, trade- 
offs have to be made. 

An area of current research in this area is the 
extension of column models to heterogeneous 
systems. One of the most difficult problems being 
addressed Is the spatial variability of the soil 
hydraulic properties and how to incorporate them 
into the model without undue complexity. These 
problems will have great Importance to programs. In 
remote sensing of soil moisture. 
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utcdtromagnetlc Interaction Models 

Remote sensing of soil moisture relies on the 
measurement of either emitted or reflected electro- 
magnetic energy. The wavelengths that are of In- 
terest ranjfe from the visible, where the reflect- 
ance of the soil depends on its moisture content, 
to the long wavelength microwave region where both 
the emitted and the backscattered energy depend 
upon moisture content. In between there is the 
thermal Infrared portion of the spectrum (8-14 mi- 
crons) where there Is the coincidence of an atmo- 
spheric window with the peak of the emission from a 
black body at 300 K. 

The modeling of reflectance and emlsslvlty of a 
surface from first principles and the knowledge of 
dielectric properties of the medium is a very dif- 
ficult task. For specular surfaces, the reflectiv- 
ity and emlsslvlty can be calculated using the 
Fresnel equation from electromagnetic theory. How- 
ever, soil surfaces are diffuse, not specular, re- 
flectors and the calculation of a diffuse reflec- 
tivity Is In general not possible. Thus, In gen- 
eral, the dependences of a soil's reflectance, 
backscatter coefficient, or emlsslvlty on moisture 
content have to be determined from experimental 
results. 

The only situation In which specular conditions are 
approached Is that of long wavelength ( \ >10 cm) 
microwave measurements from smooth soil surfaces. 
This has been verified by the comparison of radia- 
tive transfer calculations of the expected bright- 
ness temperatures for smooth soil surfaces with 
field observations at a wavelength of 21 cm, How- 
ever, once the surface is no longer smooth or Is 
covered by vegetation, these effects have to be 
parameterized because their effect on the microwave 
emissions cannot be determined from first prin- 
ciples. In spite of this, the radiative transfer 
models can be useful for Improving our understand- 
ing of the dependence of the microwave emission on 
such things as variations In the moisture and tem- 
perature profiles In the soil. Therefore, It Is 
for the passive microwave approaches to soil mois- 
ture sensing that the application of electromag- 
netic theory can be most useful at the present time. 

For the active microwave approach, the backscatter 
is determined by a combination of surface roughness 
and the soil's dielectric properties. It is the 
modeling of the backscatter from the Irregular soil 
surfaces that Is currently difficult to handle and 
this hampers the use of electromagnetic models to 
calculate the radar backscatter from soil surfaces. 

For the thermal Infrared approaches, the dependence 
of the soil's emlsslvlty, at this wavelength ( -10 
microns), on soil type, soil moisture, etc.. Is 
small and therefore, the emlsslvlty is usually as- 
sumed to be constant and close to one. The thermal 
infrared approach Is based on the measurement of 
the surface or vegetative canopy temperatures. The 
appropriate models for these temperatures are used 
to relate thermal infrared measurements to soil 
moisture. 

GROUND-BASED AND AIRCRAFT STUDIES 

Classical methods of measuring soil moisture, such 
as gravimetric sampling and more recently the use 
of neutron moisture probes, have been useful for 


cases where a point measurement Is sufficient to 
approximate the water content of a small surround- 
ing area. However, there Is an increasing need for 
rapid and repetitive estimations of soil moisture 
over large areas. Remote sensing techniques po- 
tentially have the capability of meeting this 
need. The use of reflected-solar, emitted 
thermal -Infrared radiation, and emitted and back- 
scattered microwave radiation, measured remotely, 
to estimate soil moisture will be discussed. 

Physical, chemical, and electromagnetic properties 
of water are fundamentally different from those of 
dry soil materials. When water Is added to soil, 
the properties of the resultant system change with 
the change In water content. In general, the 
amount of solar radiation reflected from the soil 
surface decreases with Increasing water content. 
These changes In reflectance can be quantitatively 
related to the water content of the surface skin of 
soil, On the other hand, the amount of thermal 
radiation emitted In the Infrared from the surface 
Is affected by the temperature of the surface, 
which In turn Is affected by the thermal properties 
of the soil/water system. Thus, a measure of 
emitted thermal infrared radiation Is Indicative of 
the soil moisture within the layer of soil that 
Influences surface soil temperature. In the micro- 
wave region the emitted radiation Is more strongly 
controlled by the change In the dielectric proper- 
ties of the soil as a function of Its moisture con- 
tent. Similarly the radar backscatter coefficient 
depends on the soil's dielectric properties. 

These different regions of the spectrum provide the 
possibility of a number of techniques for assessing 
the moisture content of the surface soil layers. 
These techniques will be described and an assess- 
ment of the current state of their capabilities 
will be presented in this section. 

Reflected Solar 

Bare Soil 

Reflection of solar radiation by a bare soil sur- 
face has been shown to be Influenced by the soil 
moisture content very near the soil surface. It is 
also dependent on particle size, organic matter 
content, surface roughness, angle of incidence and 
look angle. These factors combine to give tonal 
contrasts (Mi If red and Kiefer, 1976). Reflectance 
also depends on soil type as well as soil moisture 
content (Janza, 1975). For a given soil type, re- 
flectance decreases as the soil moisture increases 
due to the relative reflectance properties of water 
and the soil matrix. Reflectance reaches a minimum 
at or near saturation and remains essentially con- 
stant until about 0.1 cm of water Is ponded on the 
surface (Blanchard et al., 1974). As the ponding 
depth further Increases, reflectance Increases be- 
cause the dleletrlc constant for water Is much 
higher than that for soil (Janza, 1975). However, 
Allen (1972) measured a minimum In reflectance at 
about 20 percent moisture content (near field ca- 
pacity) for a fine sandy loam soil. If this is 
generally the case, reflectance is insensitive to 
soil moisture changes above field capacity. 

Bowers and Hanks (1965) measured the reflectance of 
0.5 to 2.5 pm radiation for two soils (a silt loam 
and a silty clay) at varying moisture contents In 
the laboratory. They found the greatest sensltly- 
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Ity to soil moisture for both soils to be at 1.9 pm 
and that reflectance Increased exponentially as 
particle size decreased for both kaollnlte and 
bentonite clays. 

The most comprehensive field studies on the In- 
fluence of soil moisture on reflectance percentage 

(albedo) have been performed by Idso et al. 

(1975). Their research, using one sol), showed 

three major regions of characteristic albedo varia- 
tions with time, during the day after the surface 
soil had been wetted. The first stage Is when the 
soil Is relatively wet (volumetric water content 
6 V > 0.20). During this stage, the diurnal 
change In albedo Is nearly symmetrical about solar 
noon, at which time the albedo Is at a minimum. 

Albedo Is higher In the mornings and afternoons 
than at noon because of the zenith angle. The sec- 
ond, Intermediate stage occurs when rapid drying of 
the surface takes place during the day, with a 
color change from dark to light Increasing the al- 
bedo. Finally, the third stage Is when the surface 
has become dry (0 V < 0.04) and the albedo Is 
again symmetrical about solar noon, 

The difference In albedo between wet and dry soil 
Is pronounced. The data also show the Importance 
of time of day for making measurements, especially 
during the second stage. Idso et al. demonstrated 
that the effects of zenith angle could be removed 
through a normalizing function which was the same 
for wet and dry soil. 

During the times of measurement of albedo, Idso et 
al. also measured o v at different depths. They 
averaged e v for different depths from the sur- 
face, ranging from 0-0.2 cm to 0-10 cm. The great- 
est sensitivity occurs when the 0.62 cm depth Is 
used. Over the range of o v from 0.04 to 0.20 the 
slope Is nearly constant, Indicating a 0.75 change 
In reflectance percentage per percent change In 
moisture percentage. As greater depths are in- 
cluded In the average 0 V , the range of 0 V 
decreases, sensitivity decreases and data scatter 
Increases. Although the data are from orte loca- 
tion, they show a functional relationship between 
solar reflectance and moisture content very near 
the soil surface. 

Stockhoff and Frost ( 1974) have shown that the de- 
gree of polarization of light reflected from a soil 
surface Is a sensitive Indicator of soil moisture 
changes. For completely saturated soil, l.e., free 
water on the surface, light reflected at the 
Brewster angle is totally polarized. As moisture 
content decreases the degree of polarization de- 
creases rapidly. Degree of polarization Is more 
sensitive to soil moisture change than is reflec- 
tivity, For the same moisture Increase in a loam 
soil, the reflectivity decreased by 60X while the 
polarization decreased by 1 40%. Additional advant- 
ages of polarization are a lesser Influence of 
roughness, partial shading, Illumination, and view 
angle. The high amount of power available even In 
narrow band widths makes it possible to minimize 
light from sparse .vegetation (Stockhoff and Frost, 
1974). A disadvantage Is that degree of polariza- 
tion Is particle-size dependent, as is reflectance. 

The general conclusion for remote sensing of soil 
moisture of bare soils using solar reflectance Is 
that experimental results Indicate detectable dif- 
ferences but the development of an operational sys- 


tem Is questionable. After extensive calibration 
at a specific site, It may be possible to assess 
surface soil moisture conditions for bare soils. 
Even then there would be limitations to the useful- 
ness of the data because there has been shown 
little, If any, correlation between reflectance and 
soil moisture content a few millimeters below the 
soil surface. Some soil factors complicating the 
measurements are*. (1) variations In Index of re- 
fraction of the soil water due to dissolved con- 
stituents, (2) changes In the physical nature oi 
the soil surface by the presence of water, (3) sim- 
ilarities In the Indices of refraction of the soil 
and rainwater giving rise to the Christian effect 
(when the Index of refraction of the liquid Is 
equal to that of the sample material at some wave- 
length), and (4) the presence of materials, such as 
rocks, whose reflectance properties are different 
from that of the principal soil matrix (Planet, 
1970). Other practical measurement problems may 
result from varying cloud cover, soil roughness, 
and vegetative cover. Using degree of polarization 
of the reflected light may circumvent some of these 
factors, but research on the approach Is very 
limited. The usefulness of visible and near Infra- 
red techniques may Increase when used In conjuntlon 
with data from other spectral ranges. 


Thermal Infrared 

Bare Soil 

Another component of the energy balance at a soil 
surface which is detectable by remote means is the 
longwave radiation emitted to the atmosphere from 
the surface. Longwave radiation Is proportional to 
the fourth power of the absolute temperature of the 
surface and the "efficiency" of the radiating sur- 
face, Thus, longwave radiation measurements can be 
Interpreted In terms of surface temperature. Two 
surface parameters relate to efficiency: absorp- 
tivity and emlsslvlty. Absorptivity represents the 
fraction of the energy reaching the soil surface 
that Is actually absorbed, and emlsslvlty 
represents the fraction of the possible energy 
emitted by a body (compared to a black body). The 
emlsslvlty of a body characterizes Its relative 
efficiency as an emitter. A soil that is an 
efficient absorber Is also an efficient emitter of 
radiation (Taylor and Ashcroft, 1972). This fact 
is Important In the Interpretation of remotely 
sensed radiation In the thermal Infrared range. 
Emlsslvlty for dry soils Is typically greater than 
0.9. 

Because the Intensity of emitted longwave radiation 
depends ( on the temperature at or near the soil sur- 
face, which in turn depends on soil moisture condi- 
tions, several studies have been made using infra- 
red instruments on various platforms to measure 
soil surface temperatures. Soil surface tempera- 
ture depends on atmospheric conditions as well as 
soil characteristics. The soil parameters most 
Important in determining surface temperature are 
heat conductivity (k), volumetric heat capacity 
(C), thermal dlffuslvity (kC) and thermal Inertia 
( sTRU) . Thermal Inertia can be defined as a mea- 
sure of the resistance of a material to a change In 
temperature, and for a soil, It Is strongly Influ- 
enced by moisture content. Both k and C Increase 
with Increasing moisture content, hence n/"EU be- 
haves similarly. 


Due to the variation In evaporative demand of the 
atmosphere and variation In Insolation, there nor- 
maJly exists a diurnal sinusoidal-shaped tempera- 
ture distribution at the soil surface, Idso et al. 
(1975) measured surface temperatures and soil mois- 
ture content at one site to obtain the data plotted 
In Figure 8, The figure shows the amplitude of the 
diurnal wave ^maximum minus minimum) at the soil 
surface versus water content. The results appear 
•to be linearly distributed and Independent of sea- 
son. A similar linear behavior was observed with 
the dally difference between the maximum soil Sur- 
face temperature and the maximum air temperature at 
about 1,5 m above the soil surface. Additional 
data and discussion confirming the above have been 
provided by Reglnato et al. (1976) and by Schmugge 
et al. (1978), using ground and airborne based data. 

Thus, two possibilities seem to exist for remote 


sensing of soil moisture conditions: (1) surface 

soil moisture can be estimated from radiometers 
placed on platforms to measure soil temperature 
differences (maximum minus minimum), or (2) they 
may be estimated by sensing maximum surface tem- 
peratures and using estimates of air temperatures. 
These approaches are commonly referred to as the 
thermal Inertia methods. 


Soil thermal Inertia Is a function of the thermal 
conductivity, heat capacity, and bulk density, 
which are In turn related to the physical, chemi- 
cal, and mineralogies! composition of the soil. 
Idso et al. (1975) confirmed experimentally the 
soil type dependence of the (T s m ax - T s m i n ) 
vs. volumetric water content relationship. They 
also found that If soil water was expressed In 
units of pressure potential, this dependence was 
minimal. 
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Figure 8. Summary of Results for Diurnal Temperature 
Variation Versus Soil Moisture. From Idso 
et al. , 1975- 
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Effective depth of the estimated soil moisture con- 
ditions from temperature measurements appears to be 
limited to the surface few centimeters of soil. 

Blanchard et al. (1974) found a good correlation 
between temperature differences and soil moisture 
content In the top 5-9 cm of soil, but they sur- 
mised that the effective depth may extend to the 

dally solar ileatlng depth, which Is moisture con- 
tent dependent but may be as deep as 75 cm. Cer- 
tainly the effective depth will depend on depth 

stratification In soil moisture and other soil 
properties. As an example, Blanchard et al (1974) 
noted a 2-3°C change In soil surface temperatures 
due to an abrupt change In moisture content at 10 
cm depth. 


6°C) were produced by atmospheric attenuation. A 
correction procedure relating temperature error to 
atmospheric preclpltable water was applied to the 
scanner measurements. The experimenters concluded 
that such a correction Is essential for estimating 
evapotransplratlon. Errors resulting from neglect- 
ing emlsslvlty corrections were less than 1.0°C. 


Rosenberg et al. (1975) used remotely sensed canopy 
temperatures In a resistance- type model for calcu- 
lating evapotransplratlon at sites In the Great 
Plains. Results compared favorably with those from 
lyslmeters and the approach shows promise as a 
means for estimating evapotransplratlon over large 
areas. 


J. Clhlar, of the Canada Center for Remote Sensing, 
Ottawa, and Canadian colleagues have used airborne 
thermal scanners to estimate surface temperatures 
of fallow soil and then used the data to compare to 
measured soil moisture contents (expressed as per- 
cent of field capacity). Results confirmed the 
existence of an Inverse relationship between the 
maximum minus minimum soil temperature difference 
versus percent of field capacity. 

Vegetated Areas 

Several studies have been performed to test the 
use of thermal scanners for assessing crop moisture 
stress and, hence, soil moisture conditions. Both 
ground and aircraft platforms have been used. Idso 
and Ehrler (1976) described a technique for esti- 
mating the water contents in the root zones of 
crops from measurements of midday leaf temperature 
differentials. The concept was tested for a cotton 
crop and two sorghum crops on Avondale loam soil. 
Data were collected over a two-year period. A 
strong correlation Is shown In only a narrow mois- 
ture range (0.15-0.18). However, the method ap- 
pears promising at lower water contents which Is 
the range of Interest. 

Wheat canopy temperatures for a controlled Irriga- 
tion experiment near Phoenix, Arizona, were used by 
Jackson et al. (1977) as a means of estimating 
water requirements. The summation of canopy tem- 
perature (T c ) minus air temperature (T a ) over 
time, yielded a factor termed the "stress degree 
day" (SOD) . The SDD approach shows promise as an 
Indicator for scheduling Irrigation. A simplified 
evapotransplratlon model using Tc-T a and net 
radiation was tested against lysimeterderlwed evap- 
otransplration and the two were found to agree rea- 
sonably well (see also Idso et al., (1975). 

A comprehensive study Is underway in the 
Netherlands with the purpose of estimating regional 
evapotransplratlon from remotely sensed crop sur- 
face temperatures (Nieuwenhuls and Kiaassen, 1977; 
and Kiaassen and Nieuwenhuls, 1977). A mathemati- 
cal model, referred to as the TERGRA model, has 
been developed to assist In the interpretation of 
Images of cropped surfaces (Soer, 1977). The model 
simulates, under specified meteorological and soil 
conditions, the daily behavior of crop temperature 
and energy balance components. 

temperatures of soybean, sorghum and millet were 
measured In Kansas and Nebraska by airborne (6.1 - 
12.2 pm) thermal scanners to estimate evapotran- 
splratlon using a resistance model (Heilman et al., 
1976; Rosenberg et al. 1975). Sizable errors (1 to 


Summary 

The above discussion Indicates that the thermal 
Infrared techniques of soil water content estima- 
tion hold considerable promise. The main task ap- 
pears to be a comprehensive testing of the concepts 
developed In controlled ground experiments over 
various climatic regimes by means of aircraft and 
satellite measurements. These tests should yield 
Information on the operational feasibility of the 
proposed concepts. In addition, limitation of 
these concepts should be ascertained (for example, 
practically all work so far has been site-specific 
under clear-sky conditions) to provide the basis 
for the choice of an optimum remote sehslng method. 

Microwave Approaches 

Introduction 

The unique dielectric properties of water at mi- 
crowave wavelengths afford the possibility for re- 
motely sensing the moisture content In the surface 
layer of the soil. The dielectric constant for 
water Is an order of magnitude larger than that of 
dry soils at microwave wavelengths ( 50 > K > 1 cm). 
As a result, the surface emlsslvlty and reflectiv- 
ity for the soils at these wavelengths are strong 
functions of Its moisture content. The changes In 
emlsslvlty can be observed by passive microwave 
techniques (radlometry) and the changes In reflec- 
tivity can be observed by active microwave tech- 
niques (radar). 

Both of these approaches, active and passive micro- 
wave, have been demonstrated In extensive field and 
aircraft measurements. Correlations of 0.8 to 0.9 
have been obtained between soil moisture In the 
surface layer (-5 cm thick) and microwave bright- 
ness temperature, Tg, or radar backscatter coef- 
ficient, c r. These microwave techniques maintain 

their sensitivity to soil moisture variations in 
the presence of a moderate crop canopy. Qualita- 
tive observations of the passive microwave sensi- 
tivity have also been made from satellite platforms 
at wavelengths of 21 and 1.55 cm. Thus, It appears 
to be possible to monitor the moisture status of 
the surface soil using these techniques. 

Although these microwave techniques have demon- 
strated the capability to measure soil moisture 
content over a wide range of surface conditions, 
Including roughness and vegetation cover, with a 
measurement precision comparable to that associated 
with In situ measurements, several developmental 
steps have to be accomplished before they can be 
used for global monitoring of soil moisture con- 
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tent. These steps may be divided into two groups. 
The objective of the first group of steps Is to 
extend the experimental results to large area cov- 
erage with aircraft and spacecraft measurements. 
The second group of steps pertains to the require- 
ments of the Intended user of the soil moisture 
Information. The system design specifications will 
be Impacted by the answers to specific questions 
regarding spatial resolution, soil moisture depth 
Information, and frequency of coverage, which are 
needed from the user community. 

Soil Dielectric Properties 

A number of soil dielectric constant measurements 
have been made In recent years as functions of 
moisture content, frequency and soil type (e.g. 
Leschanskll et al., 1971; Lundlen, 1971; Wlebe, 
1971; Hlpp, 1974; Hoekstra and Delaney, 1974; Njoku 
and Kong, 1977). A compilation of some of the 
earlier measurements Is found In the report by 


Clhlar and Ulaby (1974). Figure 9 shows the de- 
pendence of the real and Imaginary parts of the 
dielectric constant as functions of moisture con- 
tent as wavelengths of 1.55 and 21 cm. There Is 
some difference between the dielectric constants 
measured for different soil types when plotted 
against moisture percent by weight especially at 
the longer wavelengths (Figure 9). This Is due to 
the, different strengths by which water molecules 
adhere to the soil particles. Thus when plotted 
against soil water matrlc potential, the dielectric 
constant becomes essentially Independent of sor 
type (Newton, 1976). For this reason, brightness 
temperature data are often plotted as a function of 
percentage field capacity (which Is directly re- 
lated to soil water matrlc potential) (Schmugge, 
1976). This Is further desirable because matrlc 
potential (and percentage field capacity) are 
parameters that describe the water availability to 
plants and the degree of soil saturation, which are 
of primary Importance to agriculturalists and hy- 
drologists. 


ORIGINAL PAGE !S 

OF POOR QUALITY 




The range of dielectric constants presented in 
Figure g produces a change In emlsslvlty from 
greater than 0.9 for a dry soil to less than 0,6 
for a wet soil, assuming an Isotropic soil with a 
smooth surface. This change In emlsslvlty for a 
soil has been observed by truck-mounted radiometers 
In field experiments (Poe, 1971; Newton, 1976), and 
by radiometers In aircraft (Schmugge, 1974) and 
satellites (Eagleman, 1976). In no case were emls- 
slvltles as low as 0.6 observed for real surfaces. 
It Is believed that this Is primarily due to the 
effects of surface roughness. 

As can be seen In Figure 9, there Is a greater 
range of dielectric constants for soils at the 21 
cm wavelengths. This fact combined with a larger 
soil moisture sampling depth and better ability to 
penetrate a vegetative canopy make the longer wave- 
length sensors better suited for soil moisture 
sensing. 

Passive Microwave Response to Soil Moisture 

a. physical basis 

A microwave radiometer measures the thermal emis- 
sion from the surface, and at these wavelengths, 
the intensity of the observed emission is propor- 
tional to Its brightness temperature (Raylelgh- 
Jeans approximation). The brightness temperature 
Tg observed by a radiometer from a height above 
the surface is: 

Tb “ t CrTsky + T e ] + T a tm 

The term in brackets includes the reflected compon- 
ent of the downwelllng sky brightness temperature 
(cosmic background plus atmospheric contribution) 
and the brightness temperature of the radiation 
emitted by the Earth’s surface. These are modified 
by the transmittance of the layer of atmosphere 
between the surface and the radiometer. The final 
term In the expression Is the contribution of this 
layer of atmosphere to the upwelllng radiation 
reaching the radiometer. At the longer wave- 

lengths, i.e., those best suited for soil moisture 
sensing, the atmospheric effects are minimal. 

Thermal microwave emission from soils is generated 
within the soil volume. The amount of energy 

generated at any point within the volume Is depen- 
dent on the soil dielectric properties (or soil 
moisture) and the soil temperature at that point. 
As energy propagates upward through the soil volume 
from its point of origin, it Is affected by the 
dielectric (soil moisture) gradients along the path 
of propagation. In addition, as the energy crosses 
the surface boundary, it Is reduced by the effec- 
tive transmission coefficient (emlsslvlty) which is 
determined by the dielectric characteristics of a 
layer close to the surface. The thickness of this 
layer Is frequency dependent, e.g., lower frequen- 
cies are sensitive to dielectric properties at 
greater depths In the soil. Further theoretical 
and experimental work is needed to determine the 
dependence of the ’’sensing depth” on frequency and 
moisture profile. 

The presence of soil moisture causes a marked 
change in soil dielectric properties, resulting In 
a decrease in emlsslvlty over that of a dry soil. 
In addition to the presence of moisture, surface 
roughness and vegetation cover also have signifi- 


cant effects, generally tending to Increase the 
surface emlsslvlty, 

b. ground-based experiments 

Measurement programs utilizing ground-based 
radiometers have been performed for a number of 
years In a piecemeal fashion with little or no 
coordination between experiments. 

In Figure 10a and 10b the field measurements of 
Newton (1976) are plotted versus angle of observa- 
tion for various moisture contents and for three 
levels of surface roughness. The horizontal polar- 
ization Is that for which the electric field of the 
wave Is parallel to the surface and the vertical 
polarization Is perpendicular to it, These results 
indicate the effect of moisture content on the ob- 
served values of Tr and the effect of surface 
roughness, which Is to Increase the effective emls- 
slvlty at all angles and to decrease the difference 
In Tg for the two polarizations at the larger 
angles. Thus, by making the polarization measure- 
ments, It may be possible to separate the effects 
„of surface roughness and soil moisture. 

For the smooth field there Is a 100° K change in 
Tb In going from wet to dry soils and It Is clear 
that this range Is reduced by surface roughness. 
The effect of the roughness Is to decrease the re- 
flectivity of the surface and thus to Increase Its 
emlsslvlty. For a dry field the reflectivity Is 
already small ( < 0.1) so that the resulting In- 
crease In emlsslvlty is small. As seen In 

Figure 10b surface roughness has a significant ef- 
fect for Wet fields where the reflectivity is 
larger ( = 0.4). Thus the range of Tb for the 
rough field Is reduced to about 60° K. The smooth 
and rough fields represent the extremes of surface 
conditions that are likely to be encountered, e.g., 
the rough surface was on a field with a heavy clay 
soil (clay fraction > 60X) that had been deep 
plowed, which produced large clods. Therefore, the 
medium rough field, with a Tg range of 80° K, is 
probably more representative of the average surface 
roughness condition that will be encountered. 
Another important observation from Figure 10a and b 
Is that the average of the vertical and horizontal 
Tb's is essentially independent of angle out to 

40°. This Indicates that the sensitivity of this 

quantity, 1/2 (Tbv + Tbh)* to soil moisture will 

be Independent of angle. 

The effect of a vegetative canopy will be that of 
an absorbing layer that depends on the amount of 
the vegetation and the wavelength of observations. 
For a closely planted sorghum field (-1 m high), 
the sensitivity to soil moisture variation was 

reduced by approximately 50 percent; while sen- 
sitivity to the soil moisture variation Is reduced, 
the correlation remains high (~0.9), At a shorter 
wavelength (2.8 cm) there Is only a 10 K range In 
Tg in going from wet to dry. While these mea- 
surements show that a radiometer operating at 21 cm 
still has good sensitivity to soil moisture varia- 
tions, they suggest that radiometers working at 
longer wavelengths (30 to 50 cm) may have better 
sensitivity. 

c. aircraft and satellite experiments 

Significant Improvements in the understanding of 
the effects of individual scene parameters on the 
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Figure 10. Results from Field Measurements Performed at Texas A&M University: 
(a) Tq versus angle for different moisture levels; (b) Tg 
versus angle for different surface roughness at about the same 
moisture level (Newton, 1976). 


relationship of brightness temperature to soil 
moisture have been achieved using groundbased mea- 
surements acquired during controlled experiments. 
However, demonstration of the potential of passive 
microwave sensors for estimating soil moisture on 
an operational basis must be performed with air- 
craft and spacecraft sensors that Integrate large 

areas of natural, nonldeallzed terrain. A series 
of aircraft experiments performed over the last 
several years by a number of Investigators demon- 
strates the sensitivity of microwave radiometers to 
soil moisture In agricultural terrain. Skylab and 
Nimbus satellites have also provided significant 
results for very large areas of Integration. 

Aircraft experiments were flown over Phoenix, 

Arizona in February 1973 and March 1975. The 

agreement In bare field data for both years Indi- 
cates that the results are repeatable. The results 
from the vegetated fields for the two years gives a 
curve whose slope is In good agreement with those 
for the bare fields. Thus, sensitivity to soil 
moisture Is maintained through moderate vegetative 
canopies (alfalfa or wheat, with wheat being 20-30 
cm high In 1973 and 50-60 cm high for the 1975 

data). 

Sensor results from five flights over a Hand County 
South Dakota test site in 1976 and 1977 were com- 
pared to the Phoenix results. The agreement is 
very good. These data were for a range of surface 
conditions Including fallow fields, wheat, alfalfa 
and pasture. 

Studies using the 21 cm data obtained by the S-194 


Instrument on board Skylab have shown significant 
correlations with soil moisture variations. The 
latter were determined either by moisture budget 
models (Eagleman and Lin, 1976) or by using the 
antecedent precipitation Index (McFarland, 1976). 
This was a limited data set and Its Interpretation 
was hampered by the coarse spatial resolution 
( - 115 km) of the sensor. However, the results 
are encouraging for the potential use of a sensor 
operating at this wavelength for soil moisture 
sensing. Improved spatial resolution can be ob- 
tained by using larger antennas. The antenna on 
the Skylab Instrument was 1 m square. In the 
future It should be possible to deploy much larger 
antennas from the space shuttle and, for example, a 
20 m antenna would yield resolutions In the 10 km 
range. 

Active Microwave Response to Soil Moisture 

a. physical basis 

Analogous to the optical reflectivity of terrain, 
the backscatterlng coefficient, <r°, describes the 
scattering properties cf terrain in the direction 
of the illuminating source. The scattering be- 
havior of terrain Is governed by the geometrical 
and dielectric properties of the surface (or 
volume) relative to the same properties (wave- 
length, polarization, and angle of Incidence) of 
the incident illumination. Recall that the dielec- 
tric constant of a soil-water mixture Is strongly 
dependent on Its water content. Thus, in general, 
<r° of terrain is dependent on the soil moisture 
content of an effective surface layer whose thick- 
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ness Is governed by the penetration properties of 
the terrain at the wavelength used; this thickness 
will be approximately the same for active and pas- 
sive microwave approaches. In addition to Its de- 
pendence on soil moisture content, however, <r° Is 
also In general a function of the surface (or vol- 
ume) roughness and vegetation or snow cover (If not 
bare). 

From an operational system standpoint, radar pos- 
sesses two key capabilities of major Importance to 
remote sensing applications, namely, a) Its ability 
to make timely observations unhampered by cloud 
cover or time of day, which may be a very critical 
factor In hydrologic modeling, and b) Its ability 
to generate high resolution Imagery from space 
platforms. These system capabilities and the de- 
pendence of the soil dielectric constant on Its 
moisture content Indicate a high potential for soil 
moisture sensing with radar. 

b. ground-based results. 

Over the past six years, the radar response to 
soil moisture content was extensively Investigated 
by the University of Kansas, using a truck-mounted 
active microwave system (Ulaby, 1974; Ulaby et al., 
1974 and 1975; Batllvala and Ulaby, 1977). The 
sensitivity to soil moisture content and the ac- 
curacy and precision with which It can be estimated 


were evaluated for both bare and vegetated fields. 


b-1, bare ground 

The objective of the bare field experiments was 
to determine the optimum radar parameters for mini- 
mizing the response to surface roughness while re- 
taining strong sensitivity to moisture content. By 
examining the radar response to soil moisture of 
several fields with considerably different surface 
roughness conditions ranging from very smooth 
(dragged) to very rough (disced), the fpl lowing set 
of optimum parameters was determined; X » 6-7 cm, 
o » 7 ° - 17 ° from nadir, and horizontal transmlt- 
horlzontal receive polarization (Ulaby and 
Batllvala, 1976). Figure 11 shows the response In 
this range of sensor parameters. Included are data 
for all fields, regardless of surface roughness. 
Also shown on the figure are the calculated error 
ranges corresponding to ±1 standard deviation as- 
sociated with the measurement of a- 6 ahd the In situ 
measurement of mi, the moisture content In the 
top 1 cm of the soil. A statistical analysis of 
these variances Indicates that at these optimum 
parameters, the error (due to surface roughness) 
associated with the soil moisture estimate provided 
by such a radar system Is comparable to the error 
associated with the In situ measurements of mi 
(Ulaby and Dobson, 1977). 
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Figure 11. Scattering Coefficient as a Function of Moisture 
Content In Top 1 cm for 84 Data Sets (data from 
all five fields were Included). 
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b-2. vegetation-covered ground 

The presence of a vegetation canopy over the soil 
surface reduces the sensitivity of the radar back- 
scatter to soil moisture by a) attenuating the sig- 
nal as It travels through the canopy down to the 
soil and back, and by b) contributing a backscatter 
component of Its own. Moreover, both factors are 
In general a function of several canopy parameters 
Including plant shape, height and moisture content, 
and vegetation density. 

c. aircraft and spacecraft results 

Although no detailed airborne Investigations have 
yet been reported on the active microwave response 
to the soil moisture content underneath a vegeta- 
tion canopy, observations have been made with radar 
of the difference between dry soil and soil under- 
going Irrigation. For each of these fields, the 
effect of the Irrigation on the radar return ap- 
peared to produce a difference of about 7 db at 
angles within 40° from nadir. Since all ground 
conditions, except for soil-water content, were 
similar over the entire field, the differences In 
<r° can only be attributed to the effect of moisture. 

SATELLITE-BASED EXPERIMENTS 

Remote sensing of soil moisture from space will be 
the logical follow-on to a research program which 
so far has Included ground and aircraft experiments 
as well as modeling. Current soil moisture models 
employ a lumped parameter approach and are based 
prlmarl ly on point measurements distributed over 
agricultural fields, watersheds, or other areas of 
interest. Spacecraft systems, in contrast, will 
generally provide measurements of soil moisture 
Integrated over the area covered by each sensor's 
footprint, l.e., from one to many square kilo- 
meters. Thus, remote sensing from space will by 
necessity give rise to new distributed parameter 
models based on large-area measurements. In fact, 
one of the major future research tasks will be to 
reconcile the results provided by these two mea- 
surement concepts, l.e., polnt-by-polnt or field 
average, and integrated large area coverage. 

Thus, remote sensing from space will by necessity 
give rise to new distributed parameter models based 
on large-area measurements. In fact, one of the 
major future research tasks will be to reconcile 
the results provided by these two measurement 
concepts, l.e., polnt-by-polnt or field average, 
and integrated large area coverage. 

There are many reasons why a research-oriented sat- 
ellite system to provide remote sensing of soil 
moisture from space should be Implemented In the 
near future: 

1, To account for differences In soil texture, 
soil management and vegetation cover between 
different agronomic regions of the world, It 
Is necessary to conduct 'Investigations In sev- 
eral different climatic regions. Using air- 
craft, it would take many years before soil 
moisture algorithms usable over a wide range 
of climatic regions could be developed. Only 
satellites can effectively cover areas large 
enough to reliably provide synoptic data of 
Whole regions In a repeatable and predictable 
pattern. This allows study of long-time 


series soli moisture estimation. Also, satel- 
lites provide the payload capability to carry 
an active/passive multlspectral sensor comple- 
ment, allowing for the possibility to acquire 
optimized data sets for each application, 

2. Resolution, area size, area variability, and 
soil roughness and vegetation effects which 
are needed to develop models capable of using 
remote sensing Input data from space cannot be 
adequately simulated on the ground. Thus the 
acquisition of time-sequential observations at 
a regular Interval Is the key to the extrac- 
tion of useful soil water-related information 
from remotely sensed data. Such observations 
can be obtained reliably only from (In prac- 
tice) ground-based or spaceborne platforms. 
Ground-based platforms can be used to test the 
Information content that can be extracted from 
time-sequential observations for space- 
specific areas and surface conditions. Expe- 
rience from airborne remote sensing missions 
has shown that the acquisition of similar data 
for extended areas using airborne platforms Is 
very difficult, and the acquisition of suffi- 
cient data takes many years. This difficulty 
with airborne Investigations Is attributed to 
a combination of (a) aircraft scheduling and 
availability, (b) sensor performance, (c) sta- 
bility of aircraft platforms, and (d) Inabil- 
ity to fly exactly the same flight! Ine each 
time. This" last Item Is extremely Important. 
Existing algorithms used for extracting soil 
moisture Information from microwave data do 
not account for surface slope, since such In- 
formation Is not readily available. Hence, In 
nonflat terrain, we have to rely on the change 
In the microwave response between successive 
flights as the parameter to use for extracting 
soil moisture Information. In this case, dif- 
ferences In flight directions and Illuminated 
paths would Introduce errors Into the soil 
moisture estimation algorithm. The superior 
stability of the satellite platform, the 
repeatability of the sensor look-direction, 
and the dependable revisit interval, all add 
to the conclusion that an experimental 
satellite-borne microwave sensor package would 
be extremely desirable for soil moisture 
remote sensing, 

3. Available data for active microwave remote 
sensing of soil moisture content Indicate that 
the performance of a radar soil-moisture 
sensor Is optimum If the radar look-direction 
Is In the 7°-20° angular range relative to 
nadir. For this range of angles, the cor- 
responding swath width on the ground is only 
2.4 miles from a high-altitude aircraft alti- 
tude of 10 miles. Navigating at this altitude 
In a way that the test site of Interest Is 
actually Illuminated by the radar Is not an 
easy task. Since soil moisture Is a dynamic 
variable, It Is not possible to process the 
Imagery and then retrospectively acquire the 
"ground-truth" Information. In contrast, a 
soil moisture radar flown at an altitude of 
600 km, provides an adequate swath width of 
145 km. 


Several satellite systems launched In the past have 
carried sensors capable of providing some data 
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useful to soil moisture research. They have 
Included programs such as Nimbus, landsat, 
Soasat-A, TIROS, and the Heat Capacity Mapping 
Mission (HCMM). While these missions provided 
visible, thermal IR, and active/ passive microwave 
measurements In various combinations, none of them 
was optimized for soil moisture, and no single 
satellite has had a full complement of sensors 
capable of fulfilling soil moisture requirements, 
In particular, no satellite previously flown or 
currently approved has the capability of providing 
passive microwave measurements In L-, S-, or 
C-bands, with the minimum acceptable resolution (10 
km or better). 

Similarly, no space system currently under study 
specifically addresses soil moisture requirements, 
although some of them may be developing sensors 
with potential usefulness to fulfill such require- 
ments. In particular, technology to be developed 
for an Earth Resources Synthetic Aperture Radar 
(ERSAR) mission to be launched In the late 80's may 
prove useful for active microwave soil moisture 
measurements. 

A two-phased approach appears to be a reasonable 
way to provide adequate remotely sensed soil 
moisture data from space. An Initial satellite 
(Phase I) would be launched to provide a consistent 
and reliable data set for researchers, to enable 
them to work with adequate space data for the first 
time, and to allow them to develop models and other 
research methods to make use of such data. 

Table 4a, 4b and 4c provide the current best esti- 
mates of requirements for agriculture, climate and 
hydrology for such a first system. 

A second satellite (Phase II) would be launched 
several years after the first one. Requirements 
for this satellite would be based on the results of 
the Phase I mission, and Its sensors would make use 
of state-of-the-art technology then available. 

Because the satellite and its sensors are only one 
part of the overall system, their Implementation 
must be preceded by a research program leading to 
the development of algorithms and other methods 
capable of utilizing the space data as soon as they 
become available. Similarly, and most Importantly, 
a data processing facility must be developed as 
part of the space system, capable of providing 
processed data In timely fashion and In formats 
needed by researchers and other data users. 

The following section provides details of various 
possible approaches to the Phase I and Phase II 
space systems. 


Table 4a 
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FUTURE PROGRAM 


MODEL-RELATED RESEARCH 

If remote sensing Is to be of any value In the 
measurement of soil moisture, several model-related 
problems need to be resolved. The procedures and 
models employed by user groups must be under- 
stood. These models will define the types of mea- 
surements that must be provided. The research 
program should first try to satisfy the current 
needs of the user group models. Following this, 
investigations should be conducted to determine how 
these models might be adapted to better utilize 
remotely sensed measurements. Finally, and perhaps 
most Importantly, we should devote effort to the 
development of new models particularly suited to 
using the soil mlsture remote sensing capabilities. 

As a first step, It Is suggested that a series of 
Investigations be conducted to quantify the sensi- 
tivity of decision variables to the soil moisture 
components of the application models. Individual 
studies dealing with agricultural management, hy- 
drologic forecasting and climate simulation should 
be conducted separately. Through such an Investi- 
gation, the scientists involved with the data col- 
lection could become more involved with the user 
groups, their models and their problems. 

In conjunction with the sensitivity studies de- 
scribed above, simulation studies should be con- 
ducted to evaluate the impact of various types of 
remotely sensed soil moisture data on model outputs 
and decision variables. Existing long-term ground- 
based soil moisture data sets could be used as sur- 
rogates for the type of data obtainable using 
remote sensing techniques. Model simulations would 
then be conducted to determine the model's perform- 
ance with and without the ancillary soil moisture 
measurements. In these studies it will be neces- 
sary to select tests that have definite performance 
measures. In hydrology this might be how well the 
s model simulates observed streamflows. 

One of the most Important research topics being 
studied in all application areas that utilize 
models is the development of relationships between 
point measurements and representative values for 
spatial units. This same problem is Important In 
the remote sensing of soil moisture since It Is not 
§ only critical to understanding the remotely' sensed 

? measurements-ground data relationship but also be- 

cause it could provide a great deal of support for 
the use of remote sensing. The program should sup- 
■' port and cooperate with those working in these 

\ areas. 

Available remote sensing technology can at best 
.provide an estimate of soil moisture within the 
surface layer of the soil (possibly to a depth of 5 
Si cm). Most potential applications for soil moisture 

| data require estimates through the root zone of the 

* soil which can be a meter or more in 

depth. Schemes for extrapolating the surface mea- 
| surements must be devised and tested. This 

5 research must remain closely aligned with current 

| research related to soil-water movement and evap- 

otransplratlon. The models and schemes should be 
developed with the Intent of applying them on a 
large area basis. 


This type of research will not be conducted unless 
It Is Initiated and sponsored by remote sensing 
programs, because It Is only useful If remote sen- 
sing methods are employed. Therefore, the soil 
moisture remote sensing program should attempt to 
Involve soil and plant scientists working In these 
areas In the program. 

Reliable relationships need to be developed between 
soil moisture, depth of measurement, areal distri- 
bution of moisture and remotely sensed data. These 
relationships should Include as wide a range of 
conditions as possible In their calibration. Since 
It Is impractical to test every possible situation, 
the dfxta base should be expanded through the use of 
research simulation models. This will require fur- 
ther studies related to the development, calibra- 
tion and verification of these models. Data 
collection programs and validation schemes should 
consider the needs of these models. In addition 
the use and development of these models should help 
to reduce the current empiricism. 


Research In the areas of the thermal Infrared and 
passive microwave remote sensing has yielded reli- 
able electromagnetic Interaction models. These 
efforts should be continued with an Increased em- 
phasis on incorporating the vegetative canopy In 
the model. Also, If these models are to be used 
for their Intended application, the extension of 
limited data sets, It will be necessary to perform 
additional verification experiments. Laboratory 
measurements of electrical properties of materials 
should be conducted to strengthen the current data 
base. 

Modeling active microwave Interactions has not re- 
ceived sufficient attention even though an excel- 
lent body of theory exists. Two different 
approaches could be undertaken, one utilizing phys- 
ical optics and the other small perturbations. A 
great deal of data already exists for the verifi- 
cation of these models. 

Since all of these models were developed for col- 
umns with homogeneous layers, there Is a need for 
evaluating their validity when used to represent 
spatial units. These analyses may Indicate prob-' 
lems similar to those encountered In soil water 
modeling. This type of modeling work will be es- 
sential to the evaluation of spaceborne sensors 
with very large ground resolution elements. 

An effort should be made to assemble Into a single 
model the electromagnetic energy-matter- sensor in- 
teraction models used for the different spectral 
regions. In this form, It would be easier to com- 
pare the relative advantages of different systems 
for different problems. 

Knowledge of the dependence of soil dielectric con- 
stant on its moisture content and textural composi- 
tion is essential to theoretical model developments 
of active and passive microwave Interaction with 
and propagation through soil media. Although the 
general behavior of the dielectric constant of soil 
is known, no models, empirical or theoretical, ex- 
ist that account for the variation with soil 
texture. It is therefore proposed that an 1nvest1 T 
gatlon be conducted to determine the dependence of 
the soil dielectric constant on soil texture. 
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Ground, aircraft and spacecraft data collection 
programs should consider the data needs of the user 
application model}.. Most of these projects are 
geared toward agricultural management and consider 
only the climatological va . fables, vegetation and 
soil moisture. Hydro'lgglc Investigations require 
the water balance for a well-defined watershed 
unit. Thus data need to be collected over not just 
agricultural fields but watersheds also. Data col- 
lection programs should consider this In de- 
sign. The current data base for hydrologic studies 
Is Inadequate. 

FUTURE GROUND-BASED STUDIES 

Ground-Truth Data Acquisition 

Although several remote sensing soil moisture ex- 
periments have been performed from ground-based, 
airborne and spaceborne platforms, It Is often dif- 


ficult to perform a quantitative comparison of the 
different experiments because of the differences In 
the ground-truth data acquisition approaches, pro- 
cedures, accuracies, and precision. Hence, It Is 
Imperative that a manual defining a standard set of 
procedures and techniques be generated for the ac- 
quisition of ground-truth parameters. Such a 
manual should consist of sections pertaining to 
ground-based experiments, airborne experiments and 
spaceborne experiments. It should include spatial 
sampling frequency (In all three directions), tem- 
poral sampling .frequency and measurement procedures 
of each significant parameter In the soil medium, 
the overlying vegetation or snow cover, If present, 
and pertinent environmental parameters. Table 5 
provides a sample list of the key parameters of 
Interest, along with typical sampling frequencies 
usually used In conjunction with ground-based ex- 
periments conducted by various university re- 
searchers. 



Table 5 




Significant Target parameters for a Soil Moisture Estimation Program 



Parameter 

, Time 

Sampling Interval 

Dapth Profile 
from 

soil surface 


A, Soil 

1> Boil Moisture (1 by dry weight of soil) 

concurrent with 
aenaor observation 

0-1* 1-2, 

2-9, 9-9} 

9-19, 19-49, 
49-79, 79-109 cm, 


2, 

3. 

Soil Temperature and phase of H2O (ice, liquid) 
Soil Resistivity 

concurrent with sensor 
•nd continuous 


4, 

9, 

(. 

7. 

Soil Bulk Density (g/cm*) 

Soil Texture (1 Sand, Silt, Clay) by horiaona 
Soil Organio Matter Content (I of weight) 

Soil Salinity 

not necessarily 
concurrent 

Deeper depths not 
required for each 
sample data, Thla 
la needed to de- 
yalop profile water 
budget eodsls. 


a, Soil surface Configuration 




1. 

Regional Surface Slope (t) 




2. 

RMS Surface Roughness ten) parallel and perpendicular 
to sensor orientation 


surface only 



a) Ridga/fdrroW characteristics and orientation 

b) Mlcrorellef of aoll aggregates (clods and pads) 




C. Boil Cover 




1, 

Vegetation Cover 

a) Type and halght 

b) LA! 

c) Danalty (N/M J or g/M J ) 

d) Row orlantation and spaaing 


not applicable 



•) Ontogenetic etege 





f) Plant moisture |t of wet weight) 

concurrent with tensor 
observation 



2, 

Snow Cover 

a) Snow etratificatlon 

1* snow density (g/cmJ) 


profile as 
determined by 
snow 

etratificatlon 



2. enow crystalline structure 





b) Snow wetneaa (t liquid HjO by weight or volume) . 

c) Snow depth (cm) 

d) Tote) water equivalent (cm) 





e) Snow temperature 

concurrent with aenaor 
observation and 
continuous 

9,10,19, 20,*. cm 






D, Meteorological Conditions 




1, 

Temperature 

a) Surface temperature 

b) Air temperature 


not applicable 


2, 

Barometric Pressure 




3* 

Relative Humidity 




4, 

Incident Solar Radiation 




5. 

Precipitation 




4. 

Mind 

a) Speed 

b) Direction 

. 
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In generating the above manual, the following list 
of sources and/or background Information should be 
Incorporated (among others): 

(a) USDA standard procedures If applicable, such 
as for soil textural analysis. 

(b) Statistical analyses of the temporal varia- 
bility of soil moisture. 


(c) Statistical analyses of the spatial varia- 
bility of soil molr.ture. 



the NASA/JSC Ground Truth Plan for 1978 Col- 
by, Kansas Experiment, 


Ground-Based Remote Sensing Experiments 

It Is most likely that future operational remote 
sensing soil moisture systems will consist of opti- 
cal, thermal IR, active microwave ( AMW) and passive 
microwave (PMW) sensors. To date, most experiments 
have utilized only one of the four systems. A few 
have used two systems, for example, optical and 
thermal IR, thermal IR and PMW, PMW and AMWj how- 
ever, the two systems were merely compared with 
little or no effort devoted to Integrating the sys- 
tems Into a complementary unit. What Is urgently 
needed Is a comprehensive experiment In which the 
four systems are mounted on the same platform (both 
trucks and aircraft) In such a manner that all sen- 
sors will "see" the same fields at the same 
time. The experimental sites should be carefully 
selected to represent different climates, different 
soils, various crops, and a variety of soil water 
profiles. Experiments of this nature would provide 
the necessary data from which the relative 
strengths and weaknesses of the various systems 
could be precisely evaluated and the strengths of 
each Integrated Into a composite system for esti- 
mating soil moisture. 

Prior to or concomitant with the above, experiments 
are needed to develop algorithms to estimate soil 
moisture for particular sensors and/or combination 
of sensors for various target conditions. The fol- 
lowing proposals stress research with microwave 
sensors, although many of the problems are perti- 
nent to the thermal IR. It would be relatively 
easy to add thermal IR measurements. 


Objectives 

In addition to soil moisture content, the sensor 
response Is, In general, Influenced by other soil 
parameters, such as surface roughness and soil 
type, and cover parameters, such as vegetation den- 
sity, plant water content, canopy temperature, 
etc. The objectives of ground-based experiments 
(with truck-mounted or tower-mounted sensors) are: 

(a) Establish a selected set of resolutions re- 
quired for both field sampling and large 
area sampling, l.e., 1-10 acres, 10-20 km 
and 100-200 km 

(b) Establish the dependence of the sensor re- 
sponse on Individual as well as combinations 
of target parameters, while keeping the 
others approximately constant 


(c) Establish the target-sensor Interaction pro- 
cess at several potential ly-appl<cable com- 
binations of sensor parameters (frequencies, 
angles of Incidence and polarization config- 
urations) and combinations of sensors (AMW, 
PMW, TIR and visible), so that Optimum soli 
moisture estimation algorithms can be gener- 
ated 

(d) The results of (c) above can serve to define 
specifications of airborne and spaceborne 
sensors and to guide In the planning of air- 
borne and spaceborne experiments. 

Approach 

The ground-based research program should Incor- 
porate each of the following links: 

(a) In addition to establishing the soil mois- 
ture prediction capabilities of AMW, PMW, 
TIR and visible sensors separately, the ad- 
ditional Incremental Improvement provided by 
the combined use of these sensors should 
also be established, To date, two such ex- 
periments have been conducted through joint 
efforts by the University of Kansas and 
Texas A&M University (1974 at TAMU's Agri- 
cultural Research Farms, and 1978 at the 
Colby, Kansas site). To facilitate and In- 
crease the number of such multisensor exper- 
iments In the future, It Is proposed that 
active microwave sensors be added to plat- 
forms carrying passive microwave (and TIR) 
sensors and vice versa. 

(b) Whereas ground-based Investigations can pro- 
vide continuous records (temporally and In 
terms of sensor parameters) of specific 
sites, airborne Investigations can provide 
temporally discrete records of the spatial 
variability over a given area. Through the 
Implementation of combined ground-based and 
airborne Investigations, the spatial-tem- 
poral link can be better established. 

(c) Because ground-based Investigations are 
slte^speclfic, multiple experiments should 
be conducted In different climatic regions. 


(d) Some ground-based Investigations involve the 
acquisition of detailed temporal and spatial 
Information about soil parameters. These 
Investigations should be linked to the soil 
moisture profile model development activi- 
ties, particularly during the early stages 
of these activities. 


Target Parameters 

Microwave scattering and emission' from area- 
extended targets are characterized fey the scat- 
tering coefficient, <r°, and brightness temperature, 
Tr, respectively. Research to date Indicates 
that the key factors Influencing <r a and Tg are: 

a) Soil moisture profile 

b) Soil temperature profile (Influences Tg only) 

c) Soil bulk density profile 
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d) Soil texture profile (soil type) 

e) Soil, surface and volume geometry (microrough- 
ness and macroroughness) 

f) Cover type (vegetation and/or snow) and condi- 
tion 

g) Others (surface slope, general topography, 
etc, ) . 


Proposed Investigations 

Figure 12 Is an idealized flow chart depicting 


the natural progression one might adopt In the de- 
velopment of soil moisture estimation algorithms 
using a remote sensing system. The flow chart Is 
applicable to passive as well as active microwave 
sensors. In practice, however, the various soil 
parameters cannot be completely separated, and 
hence several Iterations and combinations of the 
experiments outlined In the flow chart should be 
conducted. Coupling the basic approach shown by 
the chart with the results of Investigations con- 
ducted to-date, Tables 6a through 6f have been pre- 
pared to outline specific Investigations that 
should be conducted over the next few years In 
order to meet the objectives previously stated, In 
concert with the approach described. 
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Table 6a 

Soil Surface Roughness 
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Additional Systems 


The major functions of the aircraft program are to: 


For conducting ground-based backscatter and emis- 
sion experiments* we are currently limited to three 
passive microwave systems and one active microwave 
system. In lieu of developing additional systems, 
we propose that each of the aboye four systems be 
converted to passive/active microwave, IR and pos- 
sibly visible and near IR systems by: 

a) Adding scatterometers at selected frequencies 
to the radiometer platforms 

b) Adding radiometers at selected frequencies to 
the MAS system 

c) Adding TIR radiometers to all systems. 

Such a conversion will produce four systems at four 
geographically different locations. Any future 
systems developed for field measurements should be 
designed with the full complement of visible, ther- 
mal Infrared, and active and passive microwave sen- 
sors* 


1. Extend the controlled data bcse beyond what is 
possible with ground-based systems 

2. Provide testing and verification of applica- 
tion models 


The first objective In development of any remote 
sensing application must be establishment of a 
well -control led data base consisting of calibrated 
measurements spanning the full range of anticipated 
target and sensor parameter variations. These In- 
clude; 


Sensor Parameters Target Parameters 


1. Frequency 

1 . 

2. Incidence angle 

2, 

3, Aspect angle 

3. 

4. Polarization 

4. 

5. Resolution 

5, 


Moisture content and 

profile 

Soils 

Roughness 

Vegetation cover 

Temperature - surface 

and profile 


Recommendations : 

a. Whenever possible, electromagnetic soil- 
moisture measurement Investigations should be 
conducted by teams that Include sensor spe- 
cialists as well as soil scientists. Effec- 
tive Interaction between sensor engineers/ 
scientists and soil scientists/agronomists/ 
hydrologists Is essential to the successful 
development of useful soil moisture remote 
sensing techniques and algorithms. 

b. The development of new In situ techniques for 
sampling soil moisture content Is needed. 
USDA's plans to develop such techniques under 
the AgRISTARS project are endorsed by the Soil 
Moisture Working Group. However, It Is Im- 
portant that the specifications be coordinated 
With the Soil Moisture Working Group. 

c. Whenever feasible, test sites used for ground- 
based or airborne Investigations of soil 
moisture should be selected to be on land 
areas that are part of ongoing state or fed- 
eral water-related projects such as the Salt 
River Project In Arizona, the Wellton-Mohawk 
Irrigation and Drainage District Project also 
In Arizona, and the AgRISTARS Project Super- 
sites In Iowa and South Dakota. 


d. In addition to using soil moisture content as 
an Indicator of soil water capacity, the capa- 
bility of remote sensing devices to monitor 
other soil water attributes, such as water 
depletion (rate of change of water In the top 
30 cm of the soil), should be Investigated. 

AIRCRAFT EXPERIMENTS 

While ground-based systems offer the best experi- 
mental control, they are limited In movement and 
this restricts the range of environmental condi- 
tions that may be observed. Aircraft systems can 
carry the instruments over a much larger area 
during a relatively short time frame and, there- 
fore, remove the spatial restriction which applies 
to a ground-based system. 


These data are first used to verify theoretical 
models and to define their limitations. Correla- 
tion analysis of the experimental data permits ex- 
tension of the models by Incorporation of empiri- 
cally defined relationships. 

These physical (theoretical plus empirical) models 
of the Interaction mechanism are then the basis for 
development of application models. In some cases 
this may be a direct empirical relationship between 
measured parameters and the desired output Infor- 
mation. In other cases ancillary data and addi- 
tional modeling may be required to transform the 
measured data to a form compatible with the desired 
application. 

In any case, considering the range of possible data 
combinations represented by only the parameters 
listed, It Is obvious that establishment of a com- 
prehensive data base remains a formidable 
task. This Is particularly evldeht for establish- 
ment of empirically based application models. 

While ground-based systems offer the best experi- 
mental control, they are limited In movement, re- 
stricting the range of environmental conditions 
that may be observed. Aircraft systems easily 
overcome this spatial restriction; however, they 
are more severely constrained by temporal restric- 
tions. While this temporal constraint Is primarily 
due to sharing the aircraft with other sensors and 
applications, It has proved to be a major obstacle 
In extension of the data base. 

Past experience with aircraft experiments has dem- 
onstrated that one of the principal difficulties Is 
obtaining a range of moisture conditions during the 
time In which the aircraft is available. During 
the past five years, some six soil moisture air- 
craft experiments have been conducted spanning a 
reasonable range pf moisture conditions. However, 
the bulk of this data has been acquired In the 
semi-arid high plains region with similar .soil, 
vegetation and climatic regimes. While additional 
experiments in this region would still yield valu- 
able additions to the data base, It seems that pri- 
ority should first be given to extending the data 


A 7 


base to different climatic regimes. This will pro- 
vide additional verification of theoretical models 
but more Importantly will establish the generality 
of empirically derived relationships. 

The following table of general soil moisture appli- 
cations and climatic regimes points out the current 
status of the soil moisture data base. 


Application 

Climate 


Arid 

Semi -Arid Humid 

Water Resources 

3 

2 1 

Agriculture 

Climate 

2 

3 1 

3 

2 1 


(1) Little or no data 
2) Limited data 
3} Extensive data 

From the standpoint of both current data status and 
importance of the application on a regional or 
national scale, it is evident that attention should 
be given to humid regions. Accordingly, extension 
of the data base to humid climates for all applica- 
tions Is token os the top priority for future 
aircraft experiments. 

Extension of the controlled data base of soil 
moisture measurements should not concentrate solely 
on Increasing the observed range of target-sensor 
parameters. As models of the Interaction mechanism 
for each candidate sensor become more developed, it 
becomes increasingly Important that all sensors be 
evaluated for their complementary capability In a 
multisensor measurement role. This will require 
data sets of simultaneous measurements for each 
sensor along with supporting ground truth. Ground- 
based programs are currently devoted to single 
sensor Investigations with considerable logistic 
problems involved In performing simultaneous mea- 
surements, The complement of sensors aboard the 
C- 130 makes the aircraft program a logical choice 
for conduct of multisensor experiments. The 
groundbased systems should be converted to multi- 
sensor capability, as called for In the section on 
Future Ground-Based Studies, In order to more read- 
1 ly extend a complete controlled data base. 


The second objective of the aircraft program, to 
provide testing and verification of application 
models, Is In a sense even more complex than the 
first. This Is due to the fact that very few 
applications require soil moisture In the depth 
Interval or at the scale measured by microwave sys- 
tems. Soil moisture in the upper layers may be 
simply one component affecting an empirical rela- 
tionship or it may serve as an Input to another 
model. Thus, the testing and verification process 
Is not simply of the ability to measure soil mois- 
ture, but of the improvement In the application 
model due to the microwave soil moisture In- 
put. This presents a real problem In evaluation of 
applications models; In many cases a directly com- 
parable model using soil moisture does not exist, 
since soil moisture information Is not available as 
such from current sources. This problem Is further 


compounded by the fact that most end-use applica- 
tions models are extremely coarse In scale and are 
continuous In nature with the current state due to 
the previous history. Thus there Is the question 
of how the data should be aggregated for comparison 
and how only an evaluation must be conducted for 
differences to be noticeable. Where the comparison 
Is between an existing and a proposed model for a 
region, there is also the question of a criteria 
for determining which Is best where differences are 
significant. 

As an Illustration of this difficulty, models of 
root zone soil moisture may be formed which have as 
Input meteorological data alone and meteorological 
data supplemented with microwave data. The rela- 
tive accuracy of these models can be checked on a 
point basis where the root zone moisture can be 
physically sampled. However, averaging to a larger 
region will undoubtedly affect the results of each 
model, and thus there Is some question as to 
whether point testing is a sufficient performance 
criterion of even this parameter, To further com- 
plicate this, the actual application usually utili- 
zes something like crop yield as the ultimate cri- 
terion. However, the Interaction of the differing 
root zone soil moisture models In the yield equa- 
tion may be far different. Thus, the best moisture 
predictor could conceivably not always give the 
best yield prediction If empirical relationships to 
meteorologlc data are employed. In using yield as 
a criterion, there Is additionally the problem that 
only one data point per season Is available, re- 
quiring multiple regions to acquire sufficient data 
for evaluation. 


This all points to the fact that evaluation and 
test of soil moisture measurement applications Is 
not yet well defined. This Is due to the lack of 
soil moisture data. 

One additional consideration for the aircraft pro- 
gram should Involve Incorporation of radar Image 
data In the experiment design. Although most of 
the radar applications presuppose resolution from 
satellites compatible only with synthetic aperture, 
the measurements program has been conducted almost 
exclusively with scatterometer Instruments. The 
original rationale for scatterometer development 
was to produce an Instrument capable of calibrating 
an Imaging system. This step of providing absolute 
calibration of Image data has not yet been 
addressed and should be Investigated through the 
aircraft program. 

The areas which both need Investigation and which 
must Involve aircraft experiments could be broken 
down as follows; 

1. Data Base Extension 

2. Effect of Spatial Averaging 

3. User Applications Model Evaluation 

For the first of these there Is a readily apparent 
need to extend the data base to humid regions. For 
the other two areas there Is a pressing need for 
aircraft data to address these questions; however, 
there Is not yet sufficient Information to design 
specific experiments. Accordingly the priority 
here must first be on experiment definition which 
must Include user Input and provide acceptable con- 
trol and evaluation criteria. 
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In addressing these objectives, considerable atten- 
tion should be devoted to improvement of the air- 
craft data processing capability. The time lag and 
cost of, obtaining data after an experiment is cur- 
rently excessive even for relatively small experi- 
ments. As the program moves to providing data for 
larger scale application testing and verification 
experiments, similar to that conducted at Colby, 
this processing bottleneck will become even mure 
serious. 

To illustrate this point, many of the proposed ap- 
plications such as Irrigation scheduling require 
extremely short turnaround of the data to be of any 
use at all. To evaluate eventual applications sys- 
tems requiring one- or two-day turnaround of the 
data with a system requiring several months for 
data processing dotfs not seem reasonab’e. 

This task of experiment definition should attempt 
to utilize the existing data from the Colby mission 
where possible. The scale and duration of this 
data set should make possible some initial defini- 
tion of the problems in defining experiments for 
applications model verification. This will require 
a substantial effort in continued reduction of the 
Colby data and in evaluation of it for this purpose. 


Data Base Extension 


1. In 1980, conduct only the aircraft experiments 
already scheduled. Where possible, such as 
with the Phoenix-Davls IR flights, the experi- 
ment should be expanded to include microwave 
measurements as well. 

2. In 1981, conduct a humid region experiment 

using all available systems over a well- 
controlled site. In' particular, the experi- 
ment should span some reasonable length of 
time. Six flights spaced at three day Inter- 
vals are proposed. It Is tentatively sug- 

gested that the test site be selected In the 
Mississippi delta. 

3. In 1982, schedule a repeat of the 1981 humid 

area experiment. This Is suggested due to 
previous experience In obtaining the full 
range of desired variations In a limited time 
frame. If the 1981 experiment does accomplish 
all objectives, this experiment may be relo- 
cated to another humid region or even perhaps 
to an arid region. 

4. No specific flight experiments are proposed at 

this time beyond 1982, as It is felt this 

should await reduction and analysis of 

existing data sets and those proposed for 
80-82. 


Effect of Spatial Averaging 

1. Efforts here should concentrate on defining 
user compatible resolutions and acceptable 
criteria against which remotely sensed aver- 
ages may be compared. Where possible these 
should be fed Into the experiment design of 
the humid area extension as an additional ob- 
jective. 


User Applications Model Evaluation 

1. The user models appropriate for inclusion of 
remotely sensed data must be developed. 

2, Experiment design must provide a comparison of 
models with and without remote sensing input 
or criteria to evaluate the incremental Im- 
provement added by the remotely sensed data, 

SATELLITE SYSTEMS 

The section on Satellite-Based Experiments discus- 
sed reasons why a first satellite system (Phase I) 
to monitor soil moisture should be Implemented in 
the mid-eighties. A second more advanced system 
(Phase II) would be Implemented a few years after 
the first one. 

Iri essence, the Phase I system would provide re- 
searchers with consistent and reliable remote- 
sensing soil moisture data sets. Such sets would 
allow them to develop models making use of the 
large area integrated measurements possible from 
space, to optimize measurement parameter and system 
requirements, and finally to evaluate the merits of 
the sensor systems and their respective spectral 
bands provided by a Phase I payload. 

A Phase I system could be launched as early as 1986 
or 1987. Previous research, Schmugge, et al. 

(1979), has Indicated that L-band passive radlom- 
etry and C-band active measurements yield usable 
data, but that a multispectral approach might im- 
prove results. Accordingly, it Is desirable to 
consider several microwave sensor options for the 
implementation of a Phase I system, ranging from a 
simple single frequency, single polarization radi- 
ometer to a multifrequency, multipolarization ac- 
tive/passive sensor. 


Phase I System 

Three options should be considered for the Phase I 
space system (see Table ,7). The simplest is Option 
1A. It would carry a sensor similar to the 
Advanced Very High Resolution Radiometer (AVHRR) to 
provide thermal Infrared and visible measurement 
data, and an L-band radiometer with a 10 m x 10 m 
phased array antenna, sufficient to provide a 
resolution of 5 to 10 km. Option IB would add a 
C-band radar to these two sensors, using an 
additional array panel as Its antenna. Option 2 Is 
the most complex of the three. It would also carry 
an AVHRR, but the microwave sensor would consist of 
a mechanically scanning 15 m antenna which radio- 
meter and radar sensors would time-share. The 
radiometer portion would be multichannel with L-, 
$-, and C-bands possible. The radar would be 
C-band and could be used for both precipitation and 
soil moisture studies. 

A selection between these options must await a fur- 
ther definition of mission requirements, an analy- 
sis of how well the requirements can be met by each 
of the options, as well as tradeoffs between costs, 
risk and the state of the art of the large reflec- 
tor technology required for Option 2. No technical 
Innovations are required for Implementation of Op- 
tions 1A and IB. 

The spacecraft would be launched into an orbit sim- 
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Table 7 

Phase I Soil Moisture Mission Options 


Option 

Vlslble/IR 

Sensor 

Microwave Sensor 

1A 

AVHRR 

10 x 10 m array 
Single Frequency (L-band) 
Single Polarization (hor) 

IB 

AVHRR 

Same as Option 1A plus 
C-band radar with array antenna 

2 

AVHRR 

15 meter dish 

Radiometer with multiple frequencies (L-, S-, 
C-bands) and multiple polarizations 

Radar (C-band) for soil moisture and 
precipitation measurements 


liar t.j the one flown by the Heat Capacity flapping 
Mission (HCMM), l.e., a 600 km sun-synchronous or- 
bit, with a 1:30 p.m. ascending mode equator cros- 
sing. 

Phase II System 

It Is expected that research results from the first 
mission will permit the development of definitive 
mission requirements for Phase II , as well as an 
optimized definr on of sensors and their parame- 
ters, l.e., spe ,ral bands c spatial and temporal 
resolutions for both active and passive sensors, 
depression angles and polarizations. 


Although It Is premature to define the Phase II 
satellite, It Is possible to speculate that It 
might carry a synthetic aperture radar to measure 
soil moisture with resolutions of 100 m or bet- 
ter. Improvements In large deployable reflector 
and phased array technology will significantly Im- 
prove microwave radiometer resolution over what Is 
possible today. It Is likely that precipitation 
over land can be measured by a spaceborne radar, 
and that such a radar may be part of a Phase II 
system. Finally, because of expected advancement 
In the field of solid state sensors, thermal IR and 
visible observations will be made with higher reso- 
lutions and higher sensitivities than are possible 
With the Phase I system. 

Correlative Ground Truth Measurements 

The ability to collect large volumes of correlative 
data coincident with satellite passes obviously 


enhances the validity of any statistical analy- 
sis. Continued, repetitive, uniform data collec- 
tion Is basic to any real understanding of the nat- 
ural phenomenon being studied. As an example of 
such data collection, NOAA/NESS has established a 
test site at Luverne, Minnesota, (Cornbelt), which 
now consists of an Idaho Instruments RSG 1/2 radi- 
ometric soil moisture automatic recording gauge. 
In addition, there are plans to extend this moni- 
toring to Include soil temperature, air temper- 
ature, solar insolation, and near-surface wind ve- 
locity. A working agreement with the Luverne Soil 
Conservation Service local office allows NOAA/NESS 
to secure gravimetric soil moisture values through 
the entire site area ( ~ TOO ml 2 ) when necessary. 

The Luverne site Is of twofold interest/ because of 
Its strategic position along the NWS/Office of Hy- 
drology flightline for a gamma-ray aircraft survey, 
which Is periodically flown "operationally" for 
snow-water-equivalent measurements and for soil 
moisture. The large ( — 1500 ft) footprint Is use- 
ful for satellite sensor comparisons with HCMM or 
SMMR because It tends to Integrate the minor fluc- 
tuations Into a more meaningful areal measurement. 
It Is believed that a series of gamma-ray flights 
would be appropriate over the Luverne test site and 
wnuld assist In the evaluation of spaceborne sensor 
data for soil moisture determination. 


It Is expected that this instrumented test facility 
will provide the capability for extended seasonal 
and diurnal monitoring, and that it will be possi- 
ble to compare the measurements obtained in this 
manner with those acquired by the SMMR, HCMM, The- 
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matlc Mapper and other sensors now or soon to be In 
orbit. Similar ground data collection sites repre- 
senting different climatic and geographic regions 
would be required as research areas for the pro- 
posed satellite system. The planning for such 
grounf truth test sites should be an Integral part 
of the space system definition and design, 


Summary 

The use of dedicated space-derived soil moisture 
data will only come about from a coordinated pro- 
gram of ground, truck, aircraft, and available 
spacecraft measurements and experiments. Ulti- 
mately, a Space-Based Moisture System Is seen as a 
service, providing data on a multidisciplinary ba- 
sis with a communication and data processing and 
distribution system decentralized to areas of In- 
terest (see Figure 13). 


TDRSS • TRACKING AND DATA RELAY SATELLITE SYSTEM 


ORIGINAL PAGE IS 
OF POOR QUALITY 


TDRSS 



Figure 13. Soil Moisture Monitoring System. 


PROPOSED EXPERIMENTS AND RESEARCH TASKS 

Significant progress has been made In the develop- 
ment of remote sensing techniques for estimating 
soil moisture, and some useful applications for 
soil moisture information have been demonstrated. 
However, a research-oriented program Is necessary 
to answer an array of questions before an opera- 
tional program is appropriate. This research 
program is to develop the capability of estimating 
soil moisture from space. 

Specific objectives of this program should be to: 

• Define physical parameters involved and evalu- 
ate the interaction between electromagnetic 
energy, soil moisture and associated factors. 

• Compare and evaluate measurement systems and 


techniques for measuring and estimating soil 
moisture. 

• Begin consideration of data handling and dis- 
tribution procedures adaptable to users in 
water resource management, agriculture, and 
climate. 

• Establish a working group to coordinate the 
research and development program and obtain 
user input. 

• Conduct periodic workshops to disseminate re- 
sults. 


To meet the objectives of the soil moisture 'pro- 
gram, the following five year (1979-1984) research 
and development plan is recommended: 
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• Conduct comprehensive controlled experiments 
at three to five locations In the U.S. under 
variable conditions of climate, soils, crops, 
topography, etc. Suggested locations Include 
arid southwest/west, southern Great Plains, 
northern Great Plains, midwest, southeast. 
The research should Include: 

- Multispectra l (visible, IR, passive and ac- 
tive microwave) sensors 

- Study of sampling depth, vegetation effects, 
roughness effects, soil moisture profile 
dynamics, time rate of change effects, reso- 
lution requirements 

- Development and Improvement of models 

- Test of transferability of models and algo- 
rithms between sites 

- Evaluation of phenomena related to soil 
moisture (precipitation, yield, crop-water 
stress, plant-water content, etc.) 

• Conduct research at ground, aircraft, and 
spacecraft altitudes: 

- Utilize ground and truck-mounted sensors 

- Utilize contract aircraft making repeat 
visits to the sites 

- Utilize existing and planned NASA and NOAA 
orbital systems (Landsat-C and -D, Seasat, 
GOES, HCMM, Tiros-N, Shuttle, etc.) 

• Conduct modeling and simulation studies for 
weather and climate: 


- Prepare global data sets of soil water, 
evapotransplratlon, vegetation, and soils. 
Analyze existing spacecraft data sets, e.g., 
Nimbus 5 ESMR through Nimbus 7 SMMR, to 
provide climatic baseline Information 

- Develop ground hydrology parameterlzatlons 
for atmospheric general circulation models 

- Optimize the design of soil water observing 
systems by GCM simulation studies 

- Investigate the sensitivity of weather and 
climate to soil water and evapotransplratlon 

• Conduct pilot tests: 

- Irrigation scheduling (Table 8 shows Irri- 
gation pilot test details) 

- Runoff forecasting 

- Agricultural yield prediction 

- Weather and climate prediction 

• NASA should Initiate preliminary planning of a 

first generation soil moisture/water resources 

satellite: 

- Five to seven years may be required to put 
the satellite Into operation 

- A single satellite Oriented toward soil 
moisture and water resources will lead to 
more orderly research and development efforts 

- A single satellite will facilitate dis- 
semination of data to users 



Table 8 

Pilot Test - Irrigation Scheduling 

OBJECTIVE: 

To develop operational Use of remote sensing in the Water and Power 
Resources Service's Irrigation Management Services (IMS) to directly 
transfer scheduling Information to farmers. 

APPROACH: 

Analyze thermal and microwave data from aircraft and spacecraft to 
determine utility of data as Input to IMS program. Both crop and soil 
moisture are required, 

EXPECTED RESULTS: 

The effort should obtain quantitative models for predicting inputs into 
the IMS program. Recommendations will be made as to data timeliness 
required for an operational system of irrigation scheduling, and 
potential uses of present and future sensor systems. 
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In order to accomplish these objectives, specific 
research tasks must be completed as well as con- 
ducting some specific experiments that will be 
widely applicable to agriculture, hydrology, and 
cllmater The research tasks have been delineated, 
as shown In Figure 14, according to major emphasis 


areas, namely, modeling, ground-based studies, air- 
craft experiments, spacecraft mission, user test 
programs and other tasks. Specific experiments 
which Include effort In more than one of these ma- 
jor emphasis areas (listed In the schedule) are 
shown In Table 9. 


FY 83 I FY 84 I FY 86 I FY 86 


FUNDAMENTAL 

UNDERSTANDING 


MODELING 

• USER MODEL SENSITIVITY AND 
SIMULATION STUDIES 

_ REVIEW SOIL MOISTURE IMPORTANCE 

• POINT/AREA SOIL MOISTURE WATER 
BUDGET RELATIONS 

• EXTRAPOLATION OF SURFACE SOIL 
MOISTURE TO DEPTH 

• DEVELOP GROUND HYDROLOQY 
PARAMETERIZATION FOR CLIMATE 
GCM MODELS 

• GCM SENSITIVITY STUDIES 

• DEVELOP NEW MODELS 

• DEVELOP AN ELECTROMAGNETIC 
SENSOR INTERACTION BASIC MODEL 

• DEVELOP THEORETICAL BASIS FOR 
EXTRACTING SOIL MOISTURE FROM 
MULTI-SENSOR SYSTEMS 

• USER EVALUATION OF MODELS 


GROUND-BASED STUDIES 


• SURFACE ROUGHNESS 

• VEGETATION COVER 

• SOIL TEMPERATURE 

• SOIL HETEROGENEITY 

• INCIDENCE ANGLE 

• SURFACE COVER HETEROGENEITY 

• ATMOSPHERIC EFFECTS 

• LARGE FOOTPRINT' 

• CALIBRATION EFFECTS 

• UPDATE ACCURACY ESTIMATES 

• COMPILE STANDARDIZED "GROUND 
TRUTH" MANUAL 

• CONVERT EXISTING SYSTEMS TO 
MULTISENSOR CAPABILITY 

• SEND GROUND BASED SYSTEMS TO 
REGIONAL SITES 


AIRCRAFT EXPERIMENTS 


• COMPLETE COLBY, & GUYMON DATA 
ANALYSIS 

• CONTINUE WATERSHED OVERFLIGHTS 

• EXTEND MEASUREMENTS TO HUMID 
REGIONS 

• REPETITIVE 21 CM DATA 

• ACQUIRE DATA FOR SPATIAL SOIL 
MOISTURE 

• USER APPLICATIONS MODEL DATA 
ACQUISITION 

• DEVELOP A REAL TIME SCATTEROMETER 
DATA PROCESSOR & UPDATE A/C SENSORS 

• EVALUATION OF A/C DATA ACQUISITION 
NEEDS 


SPACECRAFT MISSION 


• DEVELOP SPECIFICATIONS FOR 
PHASE I MISSION 

• PHASE II STUDY 

• LARGE AREA MEASUREMENT PROGRAM 
WITH EXISTING SATELLITES 

• OPTIMIZE DESIGN OF SOIL MOISTURE 
OBSERVING SYSTEMS USING SENSITIVITY 
RESULTS 


USER Tl:ST PROGRAMS 

• IRRIGATION SCHEDULING 

• RUNOFF MODELING 

• AGRICULTURE YIELD TESTS 

• GCM TESTS 

• COMPREHENSIVE SOIL MOISTURE 
EXPERIMENT 




Figure 14. Schedule with Milestones 
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Soil Moisture Experiments (Continued) 
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